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ABSTRACT
Test results comprising direct and transverse force coefficients and leakage
coefficients are reported for six seal configurations.
	 All seals tested use
the same smooth rotor and have the same constant minimum clearance.
	 The
l
following stator configurations were tested:
(a)	 Smooth,
I. (b)	 Rocketdyne-manufactured knurled pattern,
(c)	 axially-grooved pattern with end seals,
(d)	 diamond-grid roughened,
(e)	 diamond-grid roughened with end seals,
(f)	 round-hole pattern.
Comparison of the seals shows the Rocketdyne stator to be the stiffest and
^- the round-hole-pattern stator to yield the largest net damping and the least
! leakage.	 The theory of reference [5]
	
is shown to substantially underestimate
the stiffness and effective-added-mass coefficients, but do a reasonable job
in predicting the net-damping-force coefficient.
I
r
r
11
i 0
uPROGRESS REPORT-CONTRACT NAS8-33716
January 1984
Table of Contents
r
r
I.
page
Abstract .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 , 1
List	 of	 Figures	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . ii
List	 of	 Tables .
	
.	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	
.	 .	 .	 . Y
Nomenclature .
	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	
.	 .	 .	 .	 .	 .	 .
vii
Introduction .
	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . 1
Test Configurations, 	 Capability,	 and Results.	 .	 .	 •	 .	 .	 .	 .	 .	 .	 . 3
Test	 Configurations .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . 3
Test	 Capability .
	
.	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . 3
Test	 Results	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . 6
Discussion of Results: 	 Comparison to Theory. 	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . 7
Introduction	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . 7
Emperical Turbulence Coefficients .
	
.	 .	 .	 .	 .	 .	 .	
.	 .	 .	 .	 .	 . 7
Dynamic	 Test	 Data .
	
.	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .
10
Discussion of Results: 	 Comparison of Stator Configurations 	 .	 .	 . 24
Conclusions	 and Recommendation .
	
.	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	
.	 . 30
References .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . 31
Appendix A:	 Analysis and Testing for Rotordynamic Coefficients
of Turbulent Annular Seals with Different, Directionally-
Homogeneous Surface Roughness Treatments for Rotor and
Stator	 Elements .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . 32
Appendix B:	 Test Data Consisting of Operating Conditions and
Parameters	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . 49
Appendix C:	 T?st Data Consisting of Force Coefficients and
Average	 Force	 Magnitudes	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . 63
ii
t J
ic
r
r
t
f,
LIST OF FICURES
	 I1
page
1. Seal	 test	 section .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 . .	 4
2. Rocketdyne-manufactured, knurled-indentation stator insert	 .	 .	 .	 . .	 4
3. Axially-grooved stator insert with end seals . 	 .	 . .	 .	 .	 .	 .	 .	 .	 . .	 5
4. Diamond	 grid	 stator	 insert	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 . .	 5
5. Diamond grid stator insert with end seals .
	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 . .	 5
6. Round-hole-pattern stator insert	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 . .	 5
7. Measured and finite-length 	 [5]	 theoretical results for Fr /A and
Fe/A;
	
smooth stator,
	 Cr =	 .394 mm .
	
.	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 . .	
11
8. Measured and finite-length 	 [5]	 theoretical results for F r /A and
Fe/A;
	 Rocketdyne stator,	 C	 =	 .394 mm .
	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 . .	
12
r
9. Measured and finite-length 	 [5]	 theo,	 tical results for Fr /A and
Fe/A;	 smooth	 stator,	 C r	=	 .527	 mm .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 . .	 13
10. Measured and finite-length [5] 	 theoretical results for F /A and
Fe/A;
	 Rocketdyne-knurled stator;	 C r =	 .527 mm.	 .	 . .	 .	 . r .	 .	 .	 .	 . .	 14
11. Measured results for F r /A and Fe/A; axially-grooved stator with
end	 seals .
	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 . .	
15
12. Measured and finite-length [5]
	 theoretical results for Fr /A and
Fe/A;
	 diamond-grid	 stator .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 . .	 16
13. Measured results for F r /A and Fe/A; diamond-grid stator with end
seals .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 . .	 17
14. Measured and finite-length 	 [5]	 theoretical results for F /A and
Fe/A;
	
round-dole-pattern stator. r .	 18
15. Cef versus All for the smooth and Rocketdyne-knurled inserts at
C	 =	 .394	 mm	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 . .	 24
r
16. Kef -iersus AP for the smooth and Rocketdyne-knurled inserts at
C	 =	 .394	 mm	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 . .	 . 24.
r
17. CL X 1,000 versus AP for the smooth and Rocketdyne•-knurled
inserts	 at	 C r	=	 .394	 mm .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 . .	 25
18. Cef versus All for all stator inserts tested with the minimum
radial	 clearance,	 C	 =	 .527	 mm	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 . .	 26
r
19. K f versus AP for all stator inserts tested with the minimum
radial	 clearance,	 C r	=	 .527	 mm	 .	 .	 .	 .	 .	 .	 .	 .	 .	 . .	 .	 .	 .	 .	 .	 .	 . .	 26
_: A
LIST OF FIGURES (Continued)
page
20. CL X 1,000 versus AP for all stator inserts tested with
the minimum radial clearance, Cr = .527 mm . . . . . . . . . . . . . 27
iv
D^
i_
I
1
V
List of Tables
page
1. Emperical turbulence coefficients ms, ns for damper seal configurations,
and estimates for relative-roughness from Colebrook's formula	 [9]	 at 9
 - 300,000.
I
R
2. Emperical turbulence coefficients mo, no as calculated from Co.lebrook's
formula	 [9]. 9
3. K
ef' Cef'	 and Mef 
coefficients from measured and theoretical results;
smooth and rocketdyne-knurled stators for Cr =	 .394 and
	
.527 mm. 20
I. 4. K Cef , and M	 coefficients from measured and (where appropriate)f ,
theoretical prXctions for all seals tested which have C r = .527 mm. 22
5. Comparison of stiffness, damping, and leakage characteristics of six
stators for C	 =	 .527 mm. 28
r
r•
it
I
Tables: Appendix B
B.1. Test data:	 Operating conditions and parameters for the smooth
49
stator;
	 C r =	 .3937 mm.
B.2. Test data:	 Operating conditions and parameters for the Rocketdyne-
knurled stator;
	 C r =	 .3937 mm. 50
1 • B.3. Test data:	 Operating conditions and parameters for the smooth
stator;	 C r =	 .5271 mm. 52
B.4. Test data:	 Operating conditions and parameters for the Rocketdyne-
knurled stator;	 C r =	 .5271 mm. 54
B.5. Test data:	 Operating conditions and parameters for the axially-
grooved stator;	 C r =	 .5271 mm. 56
B.6. Test data:	 Operating conditions and parameters for the diamond-
•• grid roughened stator; 	 C	 =	 .5271 mm. S8
r
B.7. Test data:	 Operating conditions and parameters for the diamond-
grid roughened stator with end seals; C r =	 .5271 mm. 60
B.B. Test data:	 Operating conditions and parameters for the round-
hole-pattern roughened stator; C r = .5271 mm. 62
3
s
Q
S
nri
H!
q
Tables: Appendix C
page
C.1. Test data: Force coefficients (average and standard deviations)
and average force magnitude for the smooth stator;	 C r =	 .3937 mm. 63
C.2. Test data: Force coefficients (average and standard deviations)
and average force magnitude for the Rocketdyne-knurled stator; 65
C	 - .3937 mm.
r
C.3. Test data: Force coefficients (average and standard deviations)
and average force magnitude for the smooth stator; C r =	 .5271 mm. 67
C.4. Test data: Force coefficients (average and standard deviations)
and average force magnitude for the Rocketdyne-knurled stator; 69
C	 = .5271 mm.
r
C.S. Test data: Force coefficients (average and standard deviations)
and average force magnitude for the axially-grc)ved stator; 71
C	 = .5271 mm.r
C.6. Test data: Force coefficients (average and standard deviations)
and average force magnitude for the diamond-grid roughened stator; 73
C	 = .5271 mm.
r
C.7. Test data: Force coefficients (average and standard deviations)
and average force magnitude for the diamond-grid roughened stator 75
with end seals;	 C r =	 .5271 mm.
C.8. Test data: Force coefficients (average and standard deviations)
and average force magnitude for the round-hole-pattern stator; 77
C	 = .5271 mm.
r
.	 vi	 y O ^
t	 NOMENCLATURE
c •	Cross-coupled damping coefficient introduced in Eq. (1) FT/L.1	 7
k: Cross-coupled stiffness coefficient, 	 introduced in Eq.	 (1),	 F/L.
mr,	 nr: Emperical turbulence coefficients to define the seal-rotor
i
friction factor.
ms,	 ns: Emperical turbulence coefficients to define the seal-stator friction
factor.
A: Dynamic seal eccentricity,	 introduced in Eq.	 (2).
C: Direct damping coefficient, 	 introduced in Eq.	 (1), FT/L.
I	 Cef:
Net damping coefficient,	 introduced in Eq.	 (8), FT/L.
CD : Discharge coefficient,	 introduced in Eq.	 (9).
CL : Leakage coefficient,	 introduced in Eq.	 (10).
jCr : Minimun seal clearance, L.
{	 Fx,	 Fy : Cartesian components of the seal reaction force,	 introduced in
Eq.	 (1) ,	 F.
Fr ,	 F 0 : Radial and circumferential components of the seal reaction force, F.
K: Direct seal stiffness coefficient, 	 introduced in Eq.	 (1),	 F/L.
I
M: Seal added mass coefficient,	 introduced	 in Eq.	 (1),	 M.
Mef : Effective seal added-mass coefficient,
	
introduced in Eq.	 (8), M.
AP: Seal pressure differential,	 F/L2.
i
R: Seal radius,	 L.	 l
V: Average axial fluid velocity in the seal L/T.
X,	 Y: Seal displacement components,	 introduced in Eq.	 (1), L.
Seal	 fricition factor,	 defined	 in Eq.	 (4).
Ca = X(L/C): Seal friction factor.
j	 -	 p:
I
Seal density,	 M/L3.
w: Seal rotational and precessional velocity, T-^.
P: Seal viscosity, FT/L2.
i.
Vii
-	 O
_.
F_
-1-
INTRODUCTION
The test and analysis results which are reported here were obtained in
extension of NASA Contract NAS8-33716 which was initiated in January of
1980. Earlier contract reports [1, 2, 31 prov'_da detailed information
covering the following points:
(a) seal configurations and test results,
(b) test-section and facility description,
(c) test objectives and procedures, and
(d) data acquisition, analysis, and procedures.
Most of this information is not repeated here, and interested readers are
referred to earlier reports.
From a rotordynamics viewpoint, seal analysis has the objective of
predicting the coefficients of the following motion/reaction-force model
F X
	K kX	 C c 
t^l	
X
	
+	 + r:	 (1)
FY
	-k K	 Y	 -c C	 Y	 Y
where X,i are components of the seal rotor relative to its stator and
FX , FY are components of the reaction force. The diagonal and off-diagonal
stiffness and damping coefficients are referred to, respectively, a^: "direct"
and "cross-coupled". The cross-coupled coefficien^s arise due to fluid rotation
within the seal. The coefficient M accounts for the seal's added mass.
If a circular ortit of the form
X = A coswt,	 Y = A sinwt	 (2)
is assumed, Eq. (1) yields the following definition of force coefficients
which are, respectively, parallel and perpendicular to the rotating displace-
men t vector
F /A - -K - cw + Mw2
r	 (3)
F d /A = k - Cw
ki
Observe that the cross-couple3-stiffness coefficient k yields a "driving"
tangential contribution in the direction of rotation, while the direct
damping coefficient develops a drag force opposing the tangential velocity.
The present report deals with analysis and test results for five new
seal configurations which were largely inspired by von Pragenau's proposed
"damper seal" [4] configurations. von Pragenau's analysis predicts that a
smooth-rotor/rough-stator combination will yield a reduced asymptotic fluid
tangential velocity within the seal, which will, in turn, yield a reduction
in the cross-coupled stiffness coefficient. A reduced cross-coupled stiffness
coefficient reduces the destabilizing tangential driving force on the rotor,
yields an increased net damping force, and generally enhances rotor stability
and response. A subsequent and more comprehensive analysis by Childs and him
[S], which is in_luded as Appendix A, yields the same sort of encouraging
predictions.
Test results which are presented include force coefficients (Fr 'A and
Fe/A) and leakage rates. Analysis of the test results permits a direct
comparison of the stiffness and damping coefficients and leakage characteristics
of the seals which have been tested.
-2-
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{ 	 TEST CONFIGURATIONS, CAPABILITY, AND RESULTS
i	 Test Configu.atiors
The seal test section is illustrated in figure 1 and was modified by machining
ouc the original test-section housing tc create cylindrical seats into which
candidate seal stators can be pressed. All seals tested use a smooth rotor
and have a constant minimum clearance, i.e., no taper. The following stator
configurations were tested:
I	
/a) smooth,
1	 (b) Rocketdyne, knurled-indentation pattern,
(c) axially-grooved pattern with end seals,
(d) diamond-grid roughened,
(e) diamond-grid roughened with end seals, and
(f) round-hole pattern.
The latter five stator configurations are illustrated in figure 2 through 6.
Tests were carried out on all seal configurations with the minimum radial
clearance C r = .537 mm (.020 in) and seal dynamic eccentricity, A ` .127 mm
(.005 in). In addition, tests were carried olit for the smooth and Rocketdyne 	 I
seals for C r = .394 mm (.015 in); A = .089 mm (.0035 in).
Test Capability
i
The rotor segments of the test seal are mounted eccentricall
	 the rotor
of figure 1 with the eccentricity A. Hence rotor rotation generates a
	 II
synchronously precessing pressure field. Axially spaced strain-gauge
I
pressure transducers are provided to measure the trnnsient pressure field,
1
{	
and the transient pressure measurements are recorded and integrated to define
Fr /A, F0 /A, and IFI. In any test, five to ten cycles of data, containing on
11	
the order of 2,000 data points, are analyzed. Each data point yields a
calculated value for Fr /A, F0 /A and IFI, and average and standard-deviation
0
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Figure 6. Round-hole pattern stator
insert.
values are calculated for the test case. Observe from Eq. (3) that the test
apparatus yields only the net radial and tangential force coefficients and
t
can not be used to separately identify the seal coefficients,
The analysis of von Pragenau [4] and Childs [S] indicates that the seal
S	
rotor and stator roughness are important in defining the cross-coupled stiffness
coefficient k and net-damping-force coefficient F 0 /A. Estimates for the
relative roughness parameters can be obtained from measured results for the
axial pressure gradient and leakage rate. The required data, consisting of
the supply and discharge pressures and pressure measurements at axial locations
s
thoughout the seal, are sampled, averaged, and recorded immediately before 	 }
transient data are recorded.
Test Results
For a given seal configuration, a test matrix is carried out with variations
in the flowrate (axial Reynolds number) and shaft rotational speed. The
flowrate is varied from a minimum value which is sufficient to yield adequate
signal-to-noise ratios on the transient pressure measurement out to the
maximum flow capability of the circuit. Shaft rotation speed is incremented 	
1
t
from approximately 1,000 rpm to 7,200 rpm. In a given test series, the axial
Reynolds number is held constant and the running speed incremented. 	 !
For a given test, the following two types of data are secured: 	 j
(a) steady-state "input" data consisting of the pressure differential,
average fluid density and viscosity [6], mass leakage rate, and
	
	 I
I
rotational speed, and
l(	 (b) "output" data consisting of F r /A, Fe/A, IFI versus the axial Reynolds
	 u
number and shaft running speed.
	 I
1
The tables of Appendices B and C provide this type of data for each test of
each seal configuration.
-6-	 I
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DISCUSSION OF RESULTS: COMPARISON TO THEORY
Introduction
The theory of Appendix A does not account for either end seals or for the
type of directionally-inhomogeneous roughness which is featured in the
axially-grooved seal. However, it should be adequate as a model for the
remaining seals. The adequacy of the theory, as determined by comparison
to applicable experimental results, is the subject of this section.
Emperical lurbulance Coefficients
The theory of Appendix A characterizes the roughness of the stator and rotor
by the emperical turbulence coefficients mr, nr (rotor) and ms, ns (stator)
in basically the same procedure used by Yamada [7] and Hirs [8]. The theory
t	 requires estimates for these parameters based on the axial pressure gradient
and leakage/axial Reynolds number data. Identification of this data was
i
accomplished as follows.
Of the two seal inserts illustrated in figure 1, the seal on the left-
hand sidee used the smooth seal insert, while the remaining seal inserts, were
f
tested in the right-hand-side housing. To the extent possible, the same
"very-smooth" finish was provided for both the smooth-seal insert and the
rotor. The pressure gradient was measured for both the smooth and damper
Iseals during all dynamic tests. The axial pressure gradient equation has the
form
az = 
Q ( p22 )
Hence, with a measured pressure gradient, and a known density P and axial
velocity V, one can calculate the parameter Q, which is related to the friction-
factor coefficient by
Q = a %1_P
-7-
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rThe smooth-rotor/smooth-stator data were used to calculate values G  and X 
which were assumed to apply for both the rotor and the smooth stator. From
`	
the 
X  
versus running-speed, w, and axial Reynolds, R a , data, the empirical
I	 coefficients mr, nr of the following friction-factor formula are calculated
mr+l
^ r
 = nr Ra
mr [1 + (Rw/V) 2 ]	 2	 (4)
These coefficients are calculated on a least-square-error basis, and for the
is	 ,
.394 mm (.015 in) clearance tests were as determined follows
nr = 0.06736,	 mr = -0.21663	 (5)
These values can be compared to
no = 0.079,	 mo = -0.25
from Yamada's data for "smooth" annulli.
For the smooth-rotor/damper-stator combinations, a combined a c is
measured, which is related to the corresponding rotor or and (rough) stator
Qs by
Q +a
_ r s
a c 	 2
Hence
Q = 2a -a
s	 c r
This formula was used to calculate 0  for the damper stators by using measured	 1
values for 6 c and calculating a value for 0  from Eq. (4) with the parameters
ti
of Eq. (5). The resultant emperical coefficients for the damper-seal stators
are given in table 1. The results are generally coiisistent with expectations,
except for the positive ms value for the round-Bole-pattern stator. The data
actually show an increase in Q with increasing R  and support this result.
Colebrook's formula (9] was developed to correlate pipe-friction-factor
'M
-9- J ''
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Relative
Emperical Coefficients	 Roughness
ms ns E	 = e/2C
Smooth
C r '	 . 394 mm -.21663 .06736 .0003866
Smooth
C r =	 . 527 mm -,23980 .09885 .0006919
Rocketdyne
C r =	 . 527 mrr. -.13567 .06968 .022
Diamond-Grid
Cr =	 . 527 mm -.03493 .11815 .45973
Hole Pattern
C r =	 . 527 mm .01904 .015027 .05752
Table 1. Emperical turbulence coefficients ms, ns for
damper seal configurations, and estimates for
relative-roughness from Colebrook's formula
[91 at R  = 300,000.
E = e /2C mo no
10
-8
-.19893 .04506
10 -7 -.19873 .04494
10
-1 I
-.19804 .04460
10 -5
-.19309 .04228
10
-4
1	 -.15745 .02895
10 -3 -.07146
	 .01308
102 1	 -.01567 .01170
10 -1
-.00242
.02622
1 -.00060
.19434
Table 2. Emperical turbulence coefficients mo, no as
calculated from Colebrook's formula [9].
data as a function of axial Reynolds ni:mber R  = VD/'y and relative roughness
E - e/D. If Colebrook's formula is used to calculate a friction factor for
flow in an annulus (with the same roughness on both surfaces) versus R  = 2VC/v,
then the emperical coefficients of table 2 result. Estimates of the relative
and absolute roughness range for a stator can be obtained from this table by
entering with estimates of ms, ns from test results and then "looking up"
the corresponding estimates for relative roughness. The fact that X, as
defined by Eq. (4), is a weak function of w at high values of R  generally
supports this procedure. Table 1 provides estimates for the relative rough-
ness of the stator elements based on Colebrook's formula.
Dynamic Test Data
Figure 7 illustrates measured and theoretical results for Fr /A and Fe/A
versus R and w for the smooth stator with C = .394 mm. The measured
a	 r
results are taken from table C.1, while the theoretical results are calculated
using the analysis of Appendix A with the emperical parameters of table 2.
An inspection of these results demonstrates a "reasonable" agreement between
theory and experiment with respect to the tangential force but much large
measured radial-force-coefficient magnitudes at low speeds than predicted.
Further, the magnitude of F r /A decreases more rapidly with increasing running
speed than predicted. Figures 8 through 14 illustrate measured and, where
appropriate, theoretical predictions for the remaining seals which were tested.
Eq. (3) provides the basis for a quantitative comparison of theory and
experiment. At first glance these equations suggest that sufficient
independent equations could be obtained to calculate all the rotordynamic
coefficients by simply testing at three running speeds. However, the fact
that the coefficients depend on w precludes this approach. While K, C, and
M are weak fur—tions of w through their dependence on a, the "cross-coupled"
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coefficients k and c are linear functions of W. In fact, if the fluid is
prerotated prior to entering the seal such that the inlet tangential
velocity is U 
8 = Rw/2, then theory predicts that k = Cw/2, c = Mw, and
Fr /A = -K, F
6
 /A = -Cw/2	 (6)
`	 The present test apparatus provides no intentional prerotation, and the
fexpected result is of the form
k = b 1Cw/2, bl<1
c = b 2 Mw, b2<1
1.	 F /A = -C w = -C(1-b /2)w
A	 of	 1	
(8)
Fr /A '- -Kef + Mefw2 = -K + M(1 - b2)w2
The term Cef denotes the "net damping coefficienL" resulting from the drag
force CwA and the forward whirl excitation force U. A direct comparison
^-	 between theory and experiment is obtained by curvefitting the theoretical
and experimental results for the Fr /a and Fe /A to obtain predictions for
Kef' Cef' and Mef . Nose that the procedure of curvefitting the data with
respect to w eliminates the running-speed dependency. Further, Kef is the
zero-running speed intercept of the F r/A versus w curve, and C ef is the
slope of the F e /A versus w curve.
A comparison of the curve-fitted results are provided in table 3
for the smooth and Rocketdyne-knurled seal for the two clearance
values C r
 = .394 and .527 mm. The results support the following
general conclusions:
(a) Theoretical direct stiffness values are smaller than predicted,
and the discrepancy increases with decreasing clearances.
(b) Theoretical predictions of Cef are generally in good agreement
with test results. The agreement generally improves with
increasing Ra.
-19-	
I
vORIGINAL PAGE 19
OF POOR QUALITY
i too m-- m pa..NM OVN-DNM rmmmm^a\ mryMM 0Cv Om-- NNmm^N
.
PMMrOIM^
.
x Iyriri	 + 1wri	 mN N rM ---.r t7.-.-4 a 0•
_W O
LL
w
,
N
I NnNnr --rM	 0. M in .4 maONOr-- +^F- m--naa rmNMy 0	 .0MNr r,^IOanaO rI0	 I r o n n -. - Nm 10	 - 000 ya0•nm0-w ax mmm .0	 m0• P nnmU naaND• 01 0• In W do O ~~ O O O O O 0 0 0 0 ~~ 6666666 OJ
LL
^
WV rl r^
' ro N
V Ln
F am --Om
o- N y - -N NU rnaycyMOU m0mmraDMD^Na0 NIVaPN --mPm- -DPraN
x Nma DP MMOna .0 a in .0 r-	 (V-
	 W v 'flW s+	 G
LL OJW
Y 41 0^
M
O 00•N Na)NN O ON	 m y o• N --- 0. 4M0• ro	 IIW -
 
-an.- ON D• Mn NNO D• 0?D` NnMMMM mS yyO --N ynOan MNMNNn aamnn M a ti	 E+
M NNN? NN M y M M aN -- N	 N OJ U
LL 00 }+
W 7	 14L m O
CO w
O)_
IL E m
x ONO•y a Pm0n01 O-+N r00 OyMrNNa F+W .0	 0,q N Nn y Nn NND•aD- O NRMnnra E O
a y --M ON--	 .N It 	 1"00 yNnm	 .	 .a O 1JLL O mhN- mm^-r . -4	 to-a I:m1:I: .0 N N4---- W L
N
> E	 Ih E	 n n E	 n n n E	 n n +-1	 •t7
m E	 O E	 00 E	 000 E	 00 C	 0)
Oli) N	 W N	 W W -•	 W W W -+	 W w )' ,^,,^S M	 N M	 O0• n	 r.O a N	 nN U ah- 0- y Mn y 0 01 	-• IV 01 O NOM--mm0 N 0r0Nfll --m
•i1	 K
LL yymy a D. m N m N Na0 (V---- nNn('10-+D^My-+-+-~+ n/^yf`n -• N -•P--PI MN-+--W yanD• yaN --My --NMaP w	 IU II	 O It	 00 If	 000 a	 66 N V
O r-
J	 in J	 nn J	 nnn J	 n n U :n 1Q 00 Q	 00 Q	 000 Q	 00Cl.
r-	 W W C	 w O	 w w  0W W yC) -
0: MNMnm Mmono; ,," maMm0r) Vti 0` N 0 • O O• -- N M y N n NO m -• O -- N N N --	 N -- .b 0W umn D• ---- V 0m D . 	• V	 m a ---- -- -.
 
V 0  Mma - C a -
u Mo-000 Mr n 00 ~	 NOOO -"'Ny m	 - O ro b
^ 
> n a N N N a I. N N N n a a N N N n a a N N N N wM0: 00000 00000 000000 0000000 O)O
W W W W W w W w W W w W W W W W W W W W W W w w U I2 •L'naan Nn----a MM In Nam o•a0o•a-- N
F- .O n  121 y--MN-- a --MnmN MMO a n y -- ^ O 1N y --.-n nO --MN .oy D• 0Na -- M ----NmN WOI.L. it 1), -4	 m ----M1^ K	 M•O MMM nNy--NMM O^W U O x yx O O O O O O O O O O 0 0 0 0 0 0 0 0 0 0 0 0 0 {O -
cr 0 0
aLNNN O aNNNm aaNNNN Daa,0NNNN100000 X00000 T000000 r- 0 0 0 0 0 0 0 M
a l'- O r O
x owwwww Irwwwww owwwwww mwwwwwww vW ONNNn-- NT 0m y 0--n m--0, D. - -NN a n N t
LL
r---- y
 0•yNnND	 -tr Z--V OLA NF- NMMDN E ma ONamoNn -..-v- - Zm0• m--N y D•t- N00nnm yW M ----r o• O a --CV It -- n --n na 0-+00, 	 ro
Y ` F66666 E00000 ' 666666 LO 6666666
N
mO 0 I
r
t- naaaa oaoaaa anaaaaa mnaaaaaa( 0 0 0 0 0 000000 0000000 00000000 
r I-
W w w w W w Q WWW W W w W w W W W W Q W w W WWW WZ D^OONO F-Mry NNN Z ,ON N .0nN Ha --anNND, I
>0000 10 In 0 0 0 P • a > m n O n O m N m 0 0 0 n n 0000NN y 0 nM0, 00 -	 n.O D•N N N MD•
 O
r N- -----M m ------N y .0 .. .-MMM a---• N M7 nFW W0 0 0 0 0 0 00000 U o o o o o o 00000000V
O	 II	 n	 II	 N	 n L	 II	 II	 it	 11	 n O	 if 	 u	 u	 u	 If E	 n	 11	 11	 11	 11	 11	 1o a¢aaa Inaa¢aa Ixaaacaa u1aaaaaaa
mcrX0: M IX IX m0:m0:mm IM IXmmmxIX
_.	 ^.^ _ ^	 •mot -	
- -
R
O
W
Z ,
F
I
0
Z
w
J
W r
^+ C
.Z. ^
LL .M
U)
r._.z,.
(c) Measured values for M ef are substantially larger than predictions.
This result is at odds with earlier test results for constant-
clearance and convergent-tapered seals which were tested in water [10].
Table 4 contains the corresponding results for all of the seals tested
with the minimum clearance C r (min) = .527 mm.
	 A review of the additional
results for the diamond-grid and round-hole-pattern-roughness stator supports
the following conclusions:
D.i.amo ►id- G,ti.d Sta,tm
r
i (a) Theoretical direct stiffness values are smaller than predicted,
	
i
i
but the agreement is the best of all seals tested.
(b) Measured 
Cef values are smaller than predicted at lower values of
Ra but are well predicted at higher values.
(c) ITheory underpredicts Mef'
t. Round-Hote- Pattehn S-taton
(a) Measured direct stiffness values are much higher than predicted,
I '
and the discrepancy worsens as R 
	 increases.	 At high values of
Ra ,	 the discrepancy between theory and experiment is worse for
this seal than any seal tested.
	 j
(b) C	 is overestimated at low values of R
	 and underestimated at
of a	 ,
high values.	 V
l
I
f
l
(c) ^Theory underpredicts Mef'
I
`
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DISCUSSION OF RESULTS: COMPARISON OF STATOR CONFIGURATIONS
The relative merit of the stator configurations which were tested with
respect to stiffness, net damping, and leakage characteristics is the
subject of this section. The K 
e f 
and Cef parameters of the proceeding
sections are used as a measure of the direct stiffness and net damping.
The leakage coefficient CL is defined using the conventional discharge
coefficient C  definition
2
OP = C  PV	 (9)
a
which yields
Q = 27TRCV = (R) Cd ,Z 2TTR2 2pP = CL 2nR2	2pP
where C is the average seal clearance. Hence,
CL = (R) Cd ,2 = Q(2nR'`	 2pP )	 (10)	 9
The coefficient CL is a nondimensional relative ::ieasure of the leakage to
be expected through seals hcusing the same radius.
Figures 15 through 17 illustrate C
ef' Kef' and CL for the smooth and
Rocketdyne-knurled seals at C r = .394 mm. Observe that the stiffness and
damping values of the two seals are comparable, but that the smooth seal
leaks substantially more. Figures 18 through 20 illustrate C
ef , Kef, and
C L for all of the seals tested with the minimum clearance C r = .527 mm.
In comparison to the results for C r = .394 mm, leakage is increased, while
Kef and Cef are reduced. The relative merits of the stator configurations
can be evaluated from the data of table 5 below
-23-
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Figure 15. C ef versus AP for the smooth and Rocketdyne-knurled
inserts at C = .394 mm.
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Figure 16. 
Kef 
versus An for the smooth and Rocketdyne-knurled
inserts at C r
 = .394 mm. i
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Fleare 17. CL X 1,000 versus OP for the smooth and Rocketdyne-
knurled inserts at C r = .394 mm.
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Figure 18. Cef versus AP for all stator inserts tested with the
minimum radial clearance, Cr
 = .527 mm.
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Figure 19. K f versus AP for all stator inserts tested with the
m^nimum radial clearance, C r
 = .527 mm.
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ORIGINAL PACE r9
OF POOR QUALITY
Kef	 Cef	 CL
Kef (max)
	 Cef (max)	 CL (may)
Smooth	 .82 .86 1.
Rocketdyne 1.0 .36 .73
Axially grooved with
,51 .94 .89
end seals
Diamond grid .40 .58 .76
Diamond grid with end
.43 .74 .74
seals
Round-hole pattern .86 1.0 .63
u
(. Table 5.	 Comparison of stiffness, damping, 	 and
` leakage for six stators for Cr	.527 mm.
Note that leakage is directly proportional to C L ; hence, a minimum C L is
generally to be desired, and the round-hold-pattern seal is the best and
1
1
the smooth seal stator the worst of those tested.	 From a rotordynamics
viewpoint, C ef should be maximized and the round-hold pattern is again
superior.	 The question of optimum stiffness values is not so straight-
i
forward.
	
In some rotordynamic applications, high stiffness is desirable,
t
while for others lower stiffness values are better; 	 e.g.,	 in linear analysis	 f
of the HPOTP, comparison of an axially-grooved stator with the Rocketdyne t
{
stator in the rear-wear-ring seal of the boost-impeller showed both a
I
I
1. substantial reduction in FPL bearing loads and an increase in the predicted
linear OSI	 (Onset Speed of Instability). 	 Observe from table 5 that the I
I
axially-grooved seal has one half the direct stiffness of the Rocketdyne
tl
stator but approximately 10% more damping.	 In other applications, a
t
maximum stiffness seal might be preferrable.
I. The results of table 5 show a generally inferior performance for the 	 I
diamond-grid pattern	 Tests show that the grid pattern is very effective in
increasing the relative roughness of the stator.	 However,
	
in creating the
-28-
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"posts" the net flow area is increased, which also increases the average
^.	 clearance. Hence, despite the increased roughness, the leakage performance
is on a par with the Rocketdyne stator and both the stiffness and damping
fare reduced. Clearly, holes into the stator are more desireable for developing
stator roughness than a relieving operation which yields "posts" or "prisms."
A systematic variation of stator roughness with an analytic model, holding
the clearance constant, shows that damping increases and leakage decreases as
roughness is increased. However, stiffness first increases and then decreases,
eventually becoming negative. The results of table 5 show this type of trend
with the stiffness increasing from the smooth stator to the Rocketdyne stator
and then decreasing with the a ,iditional roughness of the round-hold-pattern
stator. Hence, one would anticipate that increasing the round-hold-pattern
roughness, e.g., by increasing the number of holes, would further reduce both
leakage and the direct stiffness values but increase the effective damping
values. A thorough understanding of the variation of surface roughness with
I
hole-area density and hole geometry should permit the selection of a seal which
has specified (within limits) ratios of CefIKef'
I
CONCLUSIONS AND RECOMMENDATION
The combined c-mputational-analytical program carried out in this study
support the following conclusions:
Experiment Versus Theory
(a) Seals tested show substan--ially higher stiffness than predicted.
(b) The theory does a generally adequate job of predicting the effective
damping of a seal.
(c) Effective added-mass coefficients from measurements are much larger
than predicted.
Relative Merits of Seal Configurations
(a) The round-hold-pattern stator yields the least leakage and highest
effective damping of all the configurations tested.
(b) The Rocketdyne-knurled stator yields the highest direct stiffness-
of all the configurations tested.
Continued testing of the round-hole-pattern stator configuration to
systematically examine the infl,;,!nce of parametric variation is recommended.
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ABSTRACT
A combined analytical-computational method is developed to
calculate the transient pressure field and dynamic coefficients
for high-pressure annular seal configurations which may be used
in interstage and neck-rin g seals of multistage centrifugal
pumps. The solution procedure applies to constant-clearance
or converg ent-tapered geometries which may have different (but
directionally-homogeneous) surface-roughness treatments on the
stator or rotor sea'- elements. It applies in particular to so-
called "damper-seals" which employ smooth rotors and deliberately-
rouahened stator elements to enhance rotor stability
Hirs' turbulent lubrication equations are modified slightly
to account for different surface-roughness conditions on the
rotor and stator. A perturbation analysis is employed in the
eccentricity ratio to develop zeroth and first order perturbation
equations. The zeroth-order equations define both the leakage
and the develo pment of circumferential flow due to shear forces
at the rotor and stator surfaces. The first-order equations
define perturbations in the pressure and axial and circumfer-
ential velocity fields due to small relative motion between the
seal rotor and stator. The solution applies for small motion
about a centered position and does not employ linearization
with respect to either the taper angle or the degree of swirl,
i.e., the difference between the circumferential velocity at a
given axial position and the asymptotic circumferential-velocity
solution correspondin g to fully developed flow.
-33-
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Figure 1 illustrates the two seal types which have the i
^I
I
'lINTRODUCTION
potential for developing significant rotor forces. The neck-
(	 or wear-ring seals are provided to reduce the leakage flow
back along the front surface of the impeller face, while the
interstage seal reduces the leakage from an impeller inlet
back along the shaft to the backside of the preceding impeller.
Pump seals may be geometrically similar to plain journal
bearings, but typically have clearance to radius ratios on the
order of 0.005 as compared to 0.001 for bearings.' Because of
the clearances, and normally-experienced pressure differentials,
fully-developed turbulent flow normally exists in pump seals.
_	 As re'_ated to rotordynamics, analysis of seals has the
!	 objective of defining the reaction force acting on a rotor as
f	 a consequence of shaft motion. For small motions about a
!	 centered position, the relation between the reaction-force
components and shaft motion may be expressed by
Fx
	K k x	 ^C c x	 rM m x
Fy	
-;t K J y + j -c C	 y + I -m M	 y	 (1)
1	 L	 L_
r	 The off-diagonal coefficients in Eq.'(!) are refcrred to as
l	 "cross-coupled" and arise due to fluid rotation within the seal.
Seals, unlike plain journal bearings, develop significant
direct stiffness values K in the centered, zero-eccentricity
position due to the distribution between (a) inlet losses, and
-34-
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(b) the axial pressure gradient due to wall-friction losses.
Lomakin [11 initially pointed out the phenomenon. Both
I	 analysis [2] and experiments [3] have shown that Eq. (1) holdsi
for fairly large eccentricies on the order of 0.5; i.e., the
dynamic coefficients tend to be relatively- insensitive to
changes in the static-eccentricity ratio.
Prior analytical and experimental developments have
generally examined "smooth" seals where both stator and rotor
elements of the seal are assumed to have the same nominally
smooth surfaces. A review of the analytical and experimental
develo pments for this type of seal is provided in references
[4] and [5] and will not be repeated here. The subject of
this investigation is the so-called "damper-seal" configuration
recent l y proposed by von Praaenau [6], which employs a smooth
rotor and a deliberately surface-roughened stator element.
For the same surface roughness on the rotor and stator, the
f
asymptotic, circumferential, bulk-flow velocity is assumed to
be Rw/2 in the centered position because (a) the radial velo-
city distribution is assumed to be symmetrical about the midplane,
and (b) the circumferential velocity is zero at the stator
wall and Rw at the rotor wall. Von Pragenau's analysis
demonstrates that the damper seal yields a lower asymptotic
circumferential velocity which implies a reduction in the
destabilizing cross-coupled stiffness coefficient k and a
consequential improvement in rotordynamic stability..
Von Praaenau employs an approximate "short-seal" analysis
-35-
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to develop analytical expressions for the rotordynamic coef-
ficients of constant clea rance seals. The development of these
11	 analytical expressions is lengthy and difficult. The combined
I
analytical-computational app roach used in this development
yields an exact solution	 the governing equations for both
constant-clearance and ccnvergent-tapered seals with signifi-
cantly less labor. Foilowi°lg a slight modification to Hirs'
i:
governing equat_'on to Pucount for different surface-roughness
conditions on the rc`.or and stator, the analysis procedure
(r	 is basically that o •. : 'if erences [4)  and [ 5 ] .
I•
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GOVERNING EQUATIONS
Figure 2 illustrates a differential element of fluid
having dimensions Rde, dz, and H(Z,6,t). The upper and lower
surfaces of the element correspond to the rotor and stator
seal elements and have velocities of Rw and zero, respectively..
The bulk velocity components of the fluid are U
a	 z
and U ;
t	 i.e., these are the averages across the fluid film height H
l
of the circumferential and axial fluid velocities. The
essence of Hirs' formulation is the definition of the wall
shear stress T  as the following empirical function of the
bulk flow velocity w relative to the wall
	
2	
2p	
mo
/	 2	 m0Vjq
T  = p 2 no 1 	 WH	 = p ? no Rao	 (2)
The bulk flow velocities relative to the rotor and stator are,
respectively
	
V 1, = (U. a
-
	 c  + U  C 
V s = U e ee + U  EZ
f	 Hence, the shear stress at the rotor and stator are
	
V 2 	 (2pVr
 
H`mr
	
= p 2 nr 	 ^Il	 I-'
	
VS	 2pVSH ms
i	 Ts = p 2 ns 
Hirs' formulation assumes that the surface roughness is the
same on the stator and rotor; hence, the same empirical
(3)
(4)
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constants mo,no apply to both surfaces. The formulation of
Eq. (4) accounts for different surface roughnesses in the
stator elements via the empirical constants (mr,nr), (ms,ns)
for the rotor and stator surfaces.
The components of wall shear surface stress in the Z and
Re directions are
Tre = Tr (U e —Rw)/V
r'
 T rZ	 Tr UZ/Vr
V  = [ (U e — Rw) 2 + UZ2
(5)
T se — T s ua/VsI T s z - T s U2/Vs
V
s 
= 
(Ue 2 + UZ2)
Summing forces i-i the Z and Re directions for the free-body
diagram of Figure 2(b) yields the following momentum equations:
ms+1
-H aZ = 2 P UZ2 Rams 1 + (Ue/UZ)2 2
mr+1
+ 2 P U Z 2 Ramr 1 + [ (U6-Rw) /U Z ] 2 2
[7Z	 Ue au Z	 a UZ
+ P H	 at + R ae + Uz a2	 (6a)
ms+1
- R ae	 2 P U Z Ue 
Rams 1+ (Ue/UZ)2
	
2
mr+1
ORI^^s^.9^. F?.^	 + 2 P U( U -Rw ) R mr 1+[ U -Rw) / U ) 2	 2OF POOR QUAL: ^ Y	 2	 Z 8	 a	 6	 Z
av e	 U  au 
	
auz
+ P H at 
+ T- 	 + Uz az	 (6b)
^j1
^	 -	 m	
^	
_ . _,. _...«^-^-- . ,•.,.,.,ter;._, _..,_
The bulk-flow continuity equation is 	 r
f	 0RIGo", A00 P A
OF POOR QUALITY
.	 a (h;; )	 a (xu)	 `^
at + R	 ae e +	 az^ = 0	 (6c)
These equations may be nondimensionalized by introducing the
following variables:
l
uZ = U Z /V, u e = .Ue/ Rw , P = p/PV 2:
1.
h= H/C, T= t/T, z= Z/L	 (7)
T = L/V, b = V/Rw
where C and V are the average clearance and axial velocity,
^-	 respectively. The resultant equations are
ms+1
-h	 - as ( L ) R ms i + 
ue 2 2 u 2
a z	 2 C	 a	 Cbu	 z
1	 mr+1
+2 (c	 mr	 2
	
) R	 rl + 
u e -1 2 2 u
a	 C bu z /	 z
1.
1	
au	 au	 au
+ h
	
aTZ 
+ u e
 WT) 38z + uz az	 (e)
ms +1
U
	 2 2
-b (R) h ae = n2 ( C ) Rams 1 + Cbue '0	 uzua
z'
mr+1
r
	
+	
u -1 )
 2	 2i	 2 IL) Ramr 1 + C b e 	 u (u 1)z	 e-.
	C 	 ^	 z
	
rau	 au	 au
+ h L75Te + ue (WT) ae + u z az J
a (hu )	 a (hu )
aT + (wT)	 ae e +	 azz = 0
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PERTURBATION EQUATIONS
Seal Geometry
Figure 3 illustrates the geometry for a tapered seal.
At the centered position, the clearance function is defined by
Ho (z) _ (C + 2L ) - aZ = (1 + q(1 - 2z)] C = f C	 (9)
where a is the taper angle, and
_	 e -c
C = ( C 0 + C 1 ) / 2 . q = aL = C O +C 1	 (10)
2C	 C 0 +C 1
The parameter q is a measure of the degree of taper in a seal
and varies from zero,for a constant-clearance configuration,
to approximately 0.4 for a maximum-stiffness seal design [7].
Perturbation Analysis
The governing equations (Ea,(6)) define the bulk-flow
velocity components (u e ,u z ) and the pressure, p, as a function
of the spatial variables (Re,z) and time, t. An expansion of
these equations in the perturbation variables
u 7 = uz0 + e u zl , h = h 0 .. c h1
(11)
u  = u 6 + e u e1 , p = p0 + c b1
where c = e/C is the eccentricity ratio yields the
following equations.
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Zeroth-Order.Equations:
(a) Axial-Momentum Equation
dpi =-I ( a ds Q s + a 0r Qr ) + 4q /2f3L
(b) Circumferential-Momentum Equation
du e0
dz =-[aOr ar(ue0 - 1) + a os as ueo /2f
(c) Continuity Equation
uzo = 1/f
First-Order Equations
(a) Axial-Momentum Equation
ap,
5 	 h1Alz	 uelA2z	 uz1A3z
(12a)
(12b)
(12c)
-
^,uzluzl	 1a r + (wT) 
u eo as +	
LL
f a z
(b) Circumferential-Momentum Equation
L apl
b(R' ae = h1A18 - u 81A28 - 
uz1A3e
C
auel+Duel1 a`'el
aT (`A'T) uao ao
	 f 3 
(1.3a)
IN
(13b)
J-41- i
n(c) Continuity Equation
ORIGINAL P;4G` IS
OF POOR QUALITY
3 u z 1
	
Du 61
—
 2q ' u	 1 2gh 1 	2hl	 ahl
az + (wT)	 a6	 f	 zl = —f 	 f2 
+ (wT) u 80 a6+	 aT
(13c)
Most of the parameters of these equations are defined in
Appendix A. The quantities a s ,ar are defined by
a s 	 ^L) X s' a r 	 (L) ^rC	 C
where the wall friction factors are defined by
l+ms
	
\ l+mr
X s = nsRa^ 1+	 12	 2 , X r = nrRap C l +) 2 (15)C	 4b	 4b
These expressions correspond to Yamada's i61 test correlation
for flow between rotating annulli.
(14)
—	 -	 - 
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SOLUTION PROCEDURES
Zeroth-Order Equations
The zeroth-order equations define the steady-state leak-
age and the circumferential velocity development u 80 (z) due
to wall shear. The governing equations, Eqs. (12), are
coupled and nonlinear through the dependency of the coef-
ficients 
aOr' aOs' ue0 and T1 . The equations must be solved
iteratively to determine the average leakage velocity V
corresponding to a specified pressure drop AP and the circum-
ferential velocity dis,_ribution U00 (z). The resi,ltant
solution defines the leakage coefficient C  of the leakage-
AP relationship
AP = Cd 
p22	
(16)
The pressure dro p
 at the entrance is defined by
Ap _ oV 2 ('1+Q	 (17)0	 2	 (1+a) 2
where ^ is an entrance-loss coefficient which is generally
on the ord--.c of 0.1 to 0.5.
First-Order Eauations
The governing first-order equations define pl(z,e,t)
J,'I
uzl (z,6,T) and u e1 (z,6,T) resulting from the seal clearance
functions h1 (6,T). The clearance H is defined in terms of
the components of the seal-journal displacement vector (X,Y)
b1^
H = H0 - X cosh - Y sine
Hence, by comparison to Eq. (11),
Eh 1 = -x cosh - y sine	 (18)
where
x = X/C, y = Y/C
Note that h l is not a function of z, and its time dependency
arises from tre displacement variables x(t) , y(t) .
Tc, satisfy circumferential continuity conditions, the
following solution format is assumed:
u zl (z,6,T)
 = uz1C(z'T) cosh + uzls(z,T) sin6
uei (z,T,6) = u 01C (z,T) cosh + uels(z,T) sine	 (19)
p l (z,e,T) = p1C (z,T) cosh + p ls (z,T)
 sine
Substituting from Eq. (19) into Eq. (13) eliminates 6 as an
f	 independent variable, and yields six real equations. By
l
introducing the complex variables
I	 ^
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uzl - uz1C + juzls
u el	 ue1C + juels
pl = ^1C + J^ls
	
"h
	 x
E - e + j y e
into these equations, the following complex equations are
obtained:-
n	 ^
aPl	 hl
9  = Alz ( E) + A 2 u el + A 3 uzl
^	 auauzi 	 ^.	 1	 zl
+ 
aT - j (wT) ue0 u zl +	 az
h
1	 ^`	 ^j b (R) P1 = A1e (e) + A 2 uel + A36 uzl
n
+ aae, — j (wT) u eo u e l + t 
a zla
	
auzi _
	 n	 _ 2a '^ _ 2q h	 h
	
I _
	 (WT) l
az	 3 (wT) jal	 f u zl	 f3 ( E )	 f	 u eo ( c )
+ f as (mil )
(20)
(21)
IM
The time depei.dency in these equations is eliminated by
assuming a harmonic seal motion of the form
`	 -45-
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ee
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99OF PGJR Cj ^rIhL.I 1 Y
hl
^ RO eji2t 
=	
r 0eji2TT
where r0 is a real constant.	 The associated harmonic
solution can then be stated
uzl (z,T) =	 u' zl(z)	 e7S2TT
^el (z ' T) =	 U81 (7)eJS?TT
P 1 ( z , T ) =	 P i (z)	 e3S2TT
Substitution from Eqs.	 (22)	 and	 (23) into Eq.	 (21)	 yields
u Z 1 uz1
91I
d u el + FA^
r
-	 e
 
uel, 92
^93J
(22)
(23)
(24)
where
-2q/f	 -J (wT)	 0
L
A = i fA 3 0	 f (A 23 +j  rT)	 -j f  (L/R)
(A 3z + 2 q/f 2 +JPT)
	 A2z +j ( W^-') /f	 0L	 - (25)
91	 ^(2a/f3+jrT/f)
92 = -f Al e
93	 - (Alz+2a/f +jrT/f )
r = 0 - 
Wu 00
	 (26)
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The following three boundary conditions are specified
for the solution or Eq. (25):
(a) The exit pressure perturbation is zero; i.e.,
p 1 (L) = 0	 (27)
(b) The entrance circumferential velocity perturbation
is zero; i.e.,
u 61 (0) = 0	 (28)
(c) The pressure loss at the seal entrance is defined by
P s - p(0,6,T) = P u Z 2 (0,6,T) (1+^)
which yields the following boundary condition:
p1 (0) = -(1+^) 
uz1(0)/ b(1+q)	 (29)
Solution of the differential Eqs. (24) in terms of the
boundary conditions is relatively straightforward, yielding a
solution for the velocity and pressure fields of the form
u Z i	 I fiC+^fls
r0
u01	 E /	 f2C+^f2s	 (30)
pl J
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APPENDIX A: PERTURBATION COEFFICIENTS
I
_	 ms+l	 ms+l
B s a0s = 1 + (u 60/buZO) 2
	 2 , B s = (1 + 1	 2
4b
Imr+l
	
mr+1
BraOr	 + Du 60 -1) /bu Z
OJ 2 	 2 B r + 12
  — 4b
1	 ms-1
r	 Bsa1s	 1 + (u80/buZO)Z
	 2
1.
mr-1
_
Bralr	 1 + r(u 60 -1) /buZO 
2^ 2
Alz	 ^aOsas(1-ms) + aOr s r (1-mr) /2f4
A2  =	 as(ms+Y)a lS u 60 + (mr+1)a ra lr (u e0 -1) /2b2f
"1
A3z = ja Os G S (2+ms) + aOr a r (2+mr) %2f 2 )+ 2q/f2
J
	
ja i s a s ( 1+m s) u602+ai rar (l+mr) (u60-1) 2 /2b 2 	!
A	 = [aa osu(1 -ms) + a a18s 	 60	 r Or (u60-1) (1-mr) /2f3
i
A20 = (Q S a Os +0 ra Or ) /2f
t
I
	
+ Fcr (1+ms) a is u 60 2+a r ('1+mr) alr(u6o-1) 27/2b2
	
I
f	 L	 J
I
	 A30 - QsmsaOsu60+srmraOr(u00-1) /2f
	
i
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as
 a 1s(1+ms)u 
ao 
3 +cj r a 1r	 ao(1+mr) (u -1) 37/2b2
Al.ORIGIN P-.1^.
OF POOR QLJAUTf
l SMOOTH STATOR / SMOOTH ROTOR	 C(RADIAL) = 0.3937 mm
SEAL TEST HEADER DATA
1.
DR.	 D. CHILDS TEXAS ASM	 SEP. 83
Case	 Pa-Pb	 RHO MU MDOT CPM
(Bars)	 (Kg /M3) (N	 sec/PI = ) (Kg/sec) (Cyc/min)
1. 0.913 1557. 183 0. 148E-03 2.337 1376.
2. 0.989 1557. 515 0. 148E-03 2.368 2299.
3. 1.051 1554. 419 U. 147E-03 2.357 3109.
i
4. 1.251 1568. 484 0.151E-03 2.405 3797.
5. 1.326 1567. 8'72 0.151E-03 2.412 5333.
6. 1.356 1543. 109 0.144E-03 2.322 7186.
7. 2.4B8 1560.981 0.149E-03 3.616 3797.
B. 2.600 1557.983 0. 148E-03 3.501 5310.
' 9. 2.790 1558. 904 0. 148E-03 4.125 1357.
10. 2.939 1551. 447 0.146E-03 4.144 2281.
r
! 11. 3. 066	 1557.831 0. 148E-03 4.280 3117,
12. 3.236 1541.985 0,143E-03 4,172 7186.
13. 7.812 1543. 193 0.14:3E-03 6.771 1351.
14. 7.951 1543. 522 0. 143E-03 6.760 2230.
15. 0.625 1571. 804 0.151E-03 7.160 3158.
I .:. 0.567 1551.913 0. 145E-03 6.955 3810,
17. 8,475 1549. 781 0.145E-03 6.902 5311..
I 18. 0-566 15A7.524 0.145E-03 6.910 7186.
19. 15.852 1559. 775 0.147E-03 9.773 1370.
20. 15.974 1564. 021 0. 14BE-03 9.750 2290.
21. 15.906 1562. 631 0.140E-03 9.689 3109. I
22. 16. 128	 1551.623 0.145E-03 9.643 3797.
23. 16.309 1556. 370 0.146E-03 9.697 5310,
24. 15.922 1548. 772 0.144E-03 9.531 7186. I
B.I. Test data: Operating conditions and parameters for the smooth I
stator;	 C r .3937	 mm.
I
I
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4ORIGINAL PA3c is
OF POOR QUALITY
ROCKETDYNE STATOR / SMOOTH ROTOR C(RAOIAL) 0.3937 mm
SEAL TEST HEADER DATA
DR.	 D. CHILDS TEXAS A&M SEP. 83
Case	 Pa-Pb RFin NU NDOT CPM
(Bars! (Kq /M3) (N sec/(1I = ) (Kg /se[) (Cyc/min)
1. 0.794 1579. 990 0. 154E-03 1.702 1415.
2. 0.901 1.577. 513 0.154E-03 1.728 2353.
3. 0.961 1575. 745 0.153E-03 1.700 3183.
4. 1.112 1571. 267 0. 152E-03 1.634 3810.
5. 1. 131 1569. 0 170 O. 151E-03 1.657 5333.
6. 1.209 1543. 178 0.143E-03 1.605 7106.
7. 1.901 1567. 506 0.151E-03 2. 404 1389.
8. 2.050 1569. 114 0, 151E-03 2.426 2317.
9. 2.102 1572. 181 0. 152E-03 2.417 3175.
10. 2. ? 12 1567. 193 0.151E-03 2.395 3810.
11. 2.219 1566.934 0. 151E-03 2.397 5310.
12. 2.374 1546. 525 0.144E-03 2.308 7186.
13, 3.036 1574. 170 0. 153E-03 2.697 1402.
14. 3 083 1575. 572 0.153E-03 2.912 2344.
15. 3,119 !1774.50B 0.153E-03 2. °04 3191.
16. 2.260 1576. 168 0.153E-03 2.917 3797.
17. 3,270 1571. 760 0.152E-03 2.880 5;' 10.
18. 3.344 1541. 128 0.143E-03 2.730 7186.
19. 5.549 1561.909 0.149E-03 4.049 1376.
20. 5.47` 1560.841 0,149E-03 3.956 2290.
21. :5. 5' 3 1559. 612 0.140E-C3 4.060 3125.
22. 5.653 1560.837 0. 149E-03 At. 0:36 3813.
23. 5.574 1557.433 0. 14BE-03 4.064 4819.
24. 5.042 1547.408 0.144E-03 4.292 7186.
B.2. Test data:	 Operating conditions and parameters for the Rocketdyne-
knurled stator; C r '	 .3937 mm.
-50-
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i
UMUINAL F,9'3^ 99
OF POOR QUALI ^ ^
It
I
25. 15.542 1557.750 0.146E-03 10.077 1351.
26. 15.958 1563.706 0. 148E.-03 10.099 2290.
27. 16.084 1567.314 0.149E-03 10.792 3125
28. 16.134 1565.638 0. 149E-03 9.456 3797.
29. 16.231 1565.353 0.149E-03 9.160 5310.
30. 15.713 1549.240 0.144E-03 10.189 7186.
g,2, Test data: Operating conditions and parameters for the Rocketdyne-
knurled stator; C r
 = .3931 mm.
c	 —51—
ORIGINAL PACE 19
1
OF POOR QUALITY I
I
SMOOTH STATOR / SMOOTH ROTOR C - 0.5271 mm
SEAL TEST HEADER DATA
i
DR.	 D. CHILDS TEXAS A&M SEP. 83
i
Case	 Pa-Pb RHO MU MOOT CPM
(Bars) (Kg /M3) (N sec/PI L ) (Kg/sec) (Cyc/milt)
1. 0.215 1593. 121 0.150E-03 1.744 1 1 11.
i 2. 0.251 1591.023 0. 15©E-03 1.776 1852.
3. 0.294 1590.286 0.157E-03 1.752 2771.
4. 0. 356 1586. 153 0. 156E-03 1. 741 3681.
5. 0. 417 1583. 849 0. 156E-03 1.694 5310.
6. 0.398 1563.640 0.150E-03 1.678 7186.
7. 0.664 1575.643 0.152E-03 2.928 1OB3.
8. 0.680 1575.408 0. 152E-03 2.899 1807.
9. 0.727 1577.039 0.153r--03 2.924 2715.
10. 0.764 1574.946 0. 152E-03 ,	 2.897 3625.
11. 0.797 1566. 400 0. 150E-03 2.898 5357.
12. 0.817 1562.824 0. 148E-03 2.837 7186.
13. 1.205 1552.780 0.146E-03 3.882 1064.
14. 1.249 1550. 623 0.145E-03 3.995 1744.
15. 1,236 154e,642 0.145E-03 3.024 2620.
16. 1.2a2 1547. 620 0. 144E-03 3.069 3488.
17. 1.419 1547. 573 0. 144E-03 3.980 5333.
18. 1.490 1560. 932 0. 148E-03 3.998 7186.
19. 3.401 1569. 975 0.151E-03 6.426 1075.
20. 3.376 1568. 374 0. 150E-03 6.431 1780.
21. 3.429 1569.895 0. 151E-03 6.381 2685.
i	 22. 3.515 1569.496 0,151E-03 6.423 3593.
23. 3.552 1564.293 0.149E-03 6.427 5333.
24. 3.920 1579.396 0. 154E-03 6. 586 7186.
B.3. Test data:	 Operating conditions and parameters for the smooth
stator;	 C r -	 .5271 mm.
I
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ORIGINAL.
!
I'
OF POOR Q UALITY
I	 25. 6. 537 1560. 894 O. 148E-03 8. 961 1079.
I	 26. 6.850 1564. 665 0,149E-03 9.099 1791.
4	 27. 6.811 1562. 618 (,,149E-03 9.090 2679.
28. 6.855 1562. 907 0.149E-03 9.072 3561,
29. 6.921 1559. 107 0. 148E-03 9.015 5310.
30, 7.276 1571. 060 0.151E-03 9.259 7186.
31. 11.399 1567.775 0. 149E-03 11.760 1056.
I32. 11.390 1565.970 0. 148E-03 11.776 1780.
33. 11. 393 1569. 418 0. 149E-03 11. 812 2667.
34. 11.314 1569. 017 0. 149E-03 11.732 3561.
35. 11.444 1566.916 0. 149E-03 11.720 5310.
i	 36.
1
11.559 1586.925 0,154E-03 11.786 7186.
37. 11.176 1563. 172 O. 148E-03 11.687 i1053.
{	 38. 11.161 1562.483 0. 148E-03 11.649 1770.
39. 11.176 1560. 918 0.147E-03 11.664 2643.
40. 11.393 1567. 441 0.149E-03 11.734 3550.
41. 11.442 1562. 253 0. 140E-03 11.719 5310.
I	 42. 11.253 1555. 783 0.146E-03 11.554 7186.
I
B.3. Test data: Operating conditions and parameters for the smooth
stator; C r	 .5271 nun.
1
^I	
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LL
i
t	 ORIGINAL PACE 19
OF POOR QUALITY
t
ROCKETDYNE STATOR / SMOOTH ROTOR C - 0.5271 mm i
SEAL TEST HEADER DATA
I
f
DR.	 D.	 CHILDS TEXAS A&M	 SEP. 83
Case	 Pa-Pb RHO MU MDOT CPM
1
(Cars) (Kg/M3) (N	 sec/M 2 ) (Kg/sec) (Cyc/min)
1. 0.215 1593. 121 0.158E-03 1.74A 1111.
2. 0.251 1591.023 0. 158E-03 1.776 1852.
3. 0.294 1590.286 0. 157E-03 1.752 2771.
1
4. 0.356 1586.153 0.156E-03 1.741 3681.
5. 0. 417 1583. 849 0. 156E-03 1.694 5310.
6. 0.398 1563.640 0 150E-03 1.678 7186.
I 7. 1.113 1586.442 0.156E-03 2.843 1107.
8. 1.085 1586.649 0.156E-03 2.837 1840.
9. 1.110 15e5.172 0.156E-03 2.829 2752.
•
10. 1.201 1576. 706 0.154E-03 2.836 5333.
11. 1.2134 1574. 135 0.153E-03 2.017 7186.
r
1<. 2.286 1578.645 0. 154E-03 3.950 1095.
13. 2.309 1579. 164 0. 154E-03 3.968 1829.
14. 2. 345 1582. 696 0. 155E-03 3. 927 2740.
1
15. 2.376 1579.328 0.154E-03 3.859 3647.
16. 2.418 1575.647 0.153E-03 3.916 5333.
17. 22.319 1572. 891 0.153E-03 3.909 7186.
18. 9.162 1564. 026 0. 149E-03 7.825 1049.
19. 9.236 1560. 024 0.147E-03 7.789 1765.
20. 9.090 1556. 889 O. 147E-03 7.776 2643.
21. 9.095 1551. 682 0. 145E-03 7,703 3488.
22. 9.451 1555. 216 0.146E-03 7.774 5310.
23. 10.396 1554. 371 0. 146E-03 7.732 71B6. 1
1
24. 9.946 1556.481 0. 146E-03 8.131 1045.
B.4. Test data:	 Operating conditions and parameters for the Rocketdyne-
knurled stator; C r
	.5271
	 nun. 1
I
i
I
^
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ORIGINAL PAGE (S
OF POOR QUALITY
4
25. 10.062 1556. 450 0.146E-03 8.101 1744.
26. 10.087 1558.357 0. 147E-03 8.166 2637.
27. 10.160 1559. 307 0. 147E-03 8.166 3529.
26. 10.325 1558. 242 0.147E-03 8.156 5310.
29. 11.470 1557. 100 0. 146E-03 8.262 7186.
30. 11.373 1560. 980 0.147E-03 8.621 1064.
31. 11.388 1561. 526 0. 147E-03 8.608 1765.
32. 11.400 1563.261 0. 148E-03 8.596 2655.
33. 11.406 1562.262 0. 148E-03 13.585 3540.
34. 11.481 1563. 421 0. 148E-03 (3.570 5310.
35. 11.266 1551. 510 0.145E-03 6.374 7186.
i
8.4. Test data: Operating conditions and parameters for the Rocketdyne-
knurled stator; C r - .5271 mm.
-55-
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oil
ORIGINAL PA GE i8
OF POOR QUALITY
AXIALLY GROOVED STATOR WITH END SEALS Cm - 0,8511 min
SEAL TEST HEADE^l DATA
l	 DR. D. CHTLDS
	
TEXAS A&M	 OCT. 83
Case Pa-Pb RHn MU MOOT CPM
(13ars) (Kg /Mj) (N	 sec/M Z ) (Ky/scc) (Cyc/min)
1. 0.018 1571.695 0. 151E-03 1.719 1083.
2. 0.049 15722. 114 0. 151E-03 1.690 1807.
3. 0.07e 1570.A59 0. 1 51 E-03 1.682 2691.
4. 0.081 1569. 126 0. 150E-03 1.66td 3561.
5. 0. 162 1571. 176 0. 151E-03 1.664 5333.
6. 0.180 1559.462 0. 148E-03 1.641 7186.
7. 0.591 15585.743 0.15:5E-03 2.814 1095.
B. 0.611 1583.991 0.154E-03 2.808 1824.
9. 0.553 1571.409 0.151E-03 2.700 2691.
10. 0.636 1576.865 0.152E-03 2.724 3604.
11. 0.701 1569. 733 0.151E-03 2.739 5333.
12. 0.806 1563.735 0.149E-03 2.736 71B6.
13. 0.003 1570. 823 0.151E-03 3.197 1068,
14, 0.003 1575.302 0.152E-03 3.245 1796.
15. 0.924 1573. 107 0.151E-03 3.244 2679.
16. 1.001 157&515 0.152E-03 3.343 3604.
17. 1,072 1574. 748 0.152E-03 3.267 5333.
18. 1.122 1562. 144 0. 140E-03 3.231 7186.
19. 1.148 1545. 346 0. 144E-03 3.647 1049.
20. 1.1-%49 1561. 617 0. 140E-03 3.747 1780.
21. 1. 348 1559. 460 0. 1470-03 3. 752 2655.
22. 1.446 1560.759 0.140E-03 3.715 3529.
23. 1. 565 1563. 114 0. 140E-03 3. 71B 5333.
24. 1.504 1563.236 0. 148E-03 3. 792 7186.
B.S. Test data:	 Operating conditions and parameters for
	 the axially-
grooved	 stator; C r - .5271	 nun.
f
-56-
TORIGINAL P "UGC. ;S
OF POOR QUALITY
25. 6.346 1564. 300 O. 149E-03 7. B58 1060.
26. 6.395 1565. 120 0. 149E-03 7.076 1780.
27.i 6.371 1560.605 0. 140E-03 7.041 2479.
28. 6.424 1:560.758 0.140E-03 7.830 3540,
29. 6.621 1579.087 O. 147E-03 7.841 5333.
I
30. 5.757 1570.911 0. 151E-03 7.273 7186.
f	 31. 6.924 1562.986 0.149E-03 8.275 1068.
`	 32. 6.998 1565.060 0.149E-03 8.334 1786.
33. 6.947 1563.065 0.149E-03 8.261 2667.
34. 7. 108 1561;.837 0. 150E-03 8.282 3582.
35. 7.1Y9 1559.082 0.147E-03 8.133 5310.
^i	 36. 7.732 1569. 815 0. 150E-0:3 8.375 7186.
37. 8.630 1571. 863 0. 151E-03 9.224 1068.
38. 8.726 1572. 577 0. 151E-03 9. 186 1796.
39. 0.713 1570. 103 0. 150E-03 9.198 2673.
40, 8.860 1:573.161 0. 151E-03 9.242 3582.
41. 9.168 1571.065 0.150E-03 9.223 5310.
42. 9.531 1573. 104 0.151E-03 9.301 7186.
43. 10. 390 1565. B30 0. 149E-03 10. 125 1071.
44. 10.478 1570. 248 0.150E-03 10.157 1786.
45. 10.461 1565. 370 0. 140E-03 10.077 2655.
46. 10.336 1562.97B 0. 148E-03 10.028 3529.
47. 10.454 1559.910 0,147E-03 9.912 5310.
48. 10.707 1571.401 0.150E-03 9.899 7186.
B.S. Teat data: Operating conditlona and parameters for the axially-
grooved stator; C r - .5271 nun.
L	 -57-
A
	
oil
ri
OR10,114rF. P AGIE s9
S
OF POOR QUALITY
DIAMOND GRID STATOR	 Cm 0.8890 mm
SEAL TEST HEADER DATA
DR.	 D.	 CHILDS	 'TEXAS AGM	 OCT. 83
t
Cass Pa-Pb RHO NU PIDOT CPM
(Bars) (Kq/M3) (N	 sec/M = ) (Kg/sec) (Cyc/min)
1. 0.030 1570. 137 U. 131f_-03 1.671 1087.
2. 0. 064 1567, 164 0. 150E-03 1. 65:1 1786.
3. 0.105 1562.338 0.149E-03 1.639 2673.
4. 0.079 1559	 147 0. 140E-03 1.614 3529.
7. 0.804 1562.301 0	 140E-03 2.734 1064.
B. 0. B58 1560. 527 0.140E-03 2.716 1780.
t 9. 0.867 1561.313 0. 140E-03 2.706 2667.
10. 0.870 1558. 110 0. 147E-03 2.692 3540.
I 11. 0.934 1560.235 0. 148E-03 2.687 5333.
12. 0.769 1549.694 0. 146E-03 2.651 7186.
13. 1.026 1557.954 0. 147E-03 3.721 1045.
14. 1.876 1559.894 0. 147E-03 3.6B5 1765.
15. 1.899 1559. 856 0. 147E-03 3.711 2643.
16. 1.929 1560. 030 0. 147E-03 3.732 3540.
17. 1.836 1551.95;3 0. 145E-03 3.654 5310.
18. 2.010 1548.276 0.145E-03 3.7-12 7186.
M	 i 19. B. 708 1552. 463 0. 146E-03 7. 776 1064.
20. 8.343 1548.961 0.145E-03 7.669 1739.
21. B. 520 15to1. 013 O. 145E-03 7. 742 2620.
i
22. 0.217 1543. 646 0. 143E-03 7.596 3458.
23. 8.924 1556. 802 0.147E-03 7.822 5310.
24. 9.499 1540. 012 0. 142E-03 7. 656 7186.
25. 9.712 1569 259 0.150E-03 8.277 1068.
26. 9.672 1566. 092 0.149E-03 8.280 1786.
B.6. Test	 data:	 Operating conditions and parameters for the diamond-
grid roughened	 stator; C r	 .5271	 mm.
1
I
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ORIGIN AL ^'A,^4 °- M
OF POOR Q 'Jf"-ITY
27. 9.289 1558.831 0. 147E-03 8.211 2643.
28, 9.312 1553. 80B 0. 146E-03 8. 130 3519.
29. 9.327 1552.247 0. 146E-03 8.111 5310.
30. 9.571 1534. 124 0. 141E-03 7.097 7166.
31. 11.540 1560.53B 0. 147E-03 8.900 1053.
32. 11.277 1553.383 0. 143E-03 8.867 :754.
33. 11.363 1557.924 0. 146E-U3 0.940 2632.
34. 11.407 1559. 100 0. 147E-03 8.933 3519.
35, 11.466 1557. 539 0. 146E-03 8.976 5286.
36. 11.177 1541. 333 0. 142E-03 8.591 7186.
1
8.6. Test data: Operating Conditions and parameters for the diamond-
	 j
grid roughened stator; Cr - .5211 nun.
-59-
01^
DIAMOND GRID STATOR WITH END SEALS Cm - U.8164 mm
SEAL TEST HEADER DATA
DR.	 D. CHILDS TEXAS A&M NOV. 83
Casa Pa-Pb Rh10 MU MOOT ^r'M
(Bars) tKq /Ms) (N sac/M Z ) (Kg/suc) (Cyc/min)
1. 0.284 1576.215 0.152E-03 1.690 1095.
2. 0.299 1574.482 0.152E-03 1.691 1802.
3. 0.293 1570.082 0.1:51E-03 1.67U 2697.
4, 0. 293 1564 338 0. 150E-03 1 . 654 3582.
5. 0. 309 1568 613 0. 150E-03 1. 681 5310.
6. 0.299 1546. 517 0.144E-03 1.580 7229.
7. 1.086 1569. 299 0. 151E-03 2.761 1075.
8. 1. 027 1566.345 0. 150E-03 2.723 1791.
9. 1.079 1567. 327 0. 150E-03 2.725 2691.
10. 1.152 1568. 976 0,151E-03 2.763 3604.
I1. 1.139 1566. 722 0.150E-03 2.744 5333.
12. 1.057 1553.604 0.147E-03 2.659 7186.
13. 1. 968 1561. 112 0.140E-03 3.752 1060.
14. 2. 020 1562. 686 0. 149E-03 3.754 1780.
15. 2.077 1564.075 0.149E-03 3.820 2679.
16. 2. 086 1558. 691 0. 140E-03 3. 770 X540.
17, 2.175 1550.994 0.14 ©E-03 3.786 5333.
18. 2.0/9 1556.244 0.147E-03 3. 74 ,1 7186.
19. 0.521 1553. 306 0.146E-03 7.600 1053.
20 0.656 1552 027 0.146E-03 7.614 1749,
21. 0.405 1549.605 0.145E-03 7.545 2632.
22. 6,796 1551. 761 0.145E-03 7.606 3499,
23. 8.590 1541 175 0.145E-03 7.549 5310.
24. 9.342 1554. l66 0.146E-03 7.707 7186.
8,7, Test data:	 Operating conditions and parameters for the diamond-
grid roughened stator with end seals;	 C r - .5271	 mm.
-60-
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25. 11.423 1554. 128 0.146E-03 8.823 1056.
26. 11.359 1553. 240 0.145E-03 8.771 1744.
27. 11.286 1551. 361 0.145E-03 8.778 2609.
28. 11.314 1548. 167 0.144E-03 8.671 3468.
29. 11.313 1544.245 0.143E-03 8.750 5310.
30. 11.555 1554.927 0,146E-O' 8.616 7186.
8.7. Test data: Operating conditions and parameters fur the diamond-
grid roughened stator with end seals; C r = . 5271 mm.
-61-
ROUGH STATOR : HOLE PATTERN 1 	 C = 0. 5080 ruin
SEAL TEST HEADER DATA
DR. D. CHILDS	 TEXAS A&M	 DEC. 83
Case	 Pa-Ph	 RHO	 MU	 MUuf	 CPM
(Bars)	 (Kg/M3)	 (N sec/M Z )	 (Kg/sec)	 (Cyc/min)
1. 0.620	 1552. 474	 0. 146E-03	 2.079	 1060.
2. 0.697	 1558. 114	 0.147E-03	 2.102	 1765.
3. 0.704	 1551. 696	 0.146E-03	 2.074	 2626.
i
4. 0. 790	 1554. 577	 0. 147E-03	 2. 083	 3519.
5. 0. 822	 1549. 698	 O. 145E-03	 2. 065	 5333.
I
+	 6.	 1.200	 1545.A2-1	 0.144E-03	 2.035	 7186.
{•	 7.	 1. 725	 1554. 154	 O. 146E-03	 2. 994	 1049.
8. 1.705	 1548.626	 0.145E-03	 2.982	 1754.
9. 1. 695	 1546. 150	 0. 14 4 E-03	 2. 971	 2603.
10. 1. 738	 1546. 850	 0. 144E-03	 2. 959	 3478.
11. 1. BB5	 '544. 624	 0. 144E-03	 2. 9130	 5333.
12. 2. 363	 = 551. 683	 0. 145E-03	 3. 006	 71B6.
13. 2. 736	 1551. 120	 0. 145E-03	 3. 696	 1060.	 I
14. 2. 746	 155?. 506
	
O. 146E-03	 3. 678	 1744.
15. 2.73B	 1552.37'	 0. 146E-03	 3.673	 2632.
16. 2.865	 1555. 686	 0.146E-03	 3.709	 3529.
(	 17.	 3.134	 1568. 950	 0. 150E-03	 3.797	 5310.
	
I 18.	 3.336	 1552.336
	
0.146E-03	 3.740	 7186.
19. 12. lie	 1550. 553	 0. 145E-03
	 7. 659	 1034.
20. 12. 065
	 1549. 943
	 0. 144E-03
	
7.629	 1744.
`	
21.	 12.064	 1548. 763	 0. 144E-03	 7.664	 2597.
I	 22.	 12. 068	 1:346. 753	 O. 144E-03	 7. 551
	 3468.	 r
1111	
'3.	 12. 209	 1553. 221
	 O. 145E-OJ
	 7. 504	 5286.
r 
	
I
24.	 12. 306
	 1552. 569
	 0. 145E-03
	 7. 057	 71B6.
D.8. Test data: Operating conditions and parameters for the round-
hole-pattern roughened stator; C = .5271 mm.
	 I
I	 r
1
r
L
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SMOOTH STATOR / SMOOTH ROTOR	 C = 0.3937 mm
SEAL TEST HEADER DAT,i
DR.	 0.	 CHILDS TEXAS A&M	 SEP. 83
Case Ra CPM Fr/A dev. Fo/A dr•v. IF
(Cyc/(uin)	 (PIN /hl) (MN/M) (PIN /M) (MN/M) (KN)
1. 99987. 1376. -0.7849 0.1705 0.6262 0.2300 0.0967
2. 100745. 2299. -0.5787 0.2197 0.7406 0.1378 0.0902
3. 99895. 3109. -0.3546 0.0981 1.3263 0.1700 0.1331
4. 100727. 3797. -0.4511 0.1002 1.3527 0.1071 0.1355
5. 100028. 5333. 0. 2028 0. 1436 1. 8039 0. 1123 0. 1744
6. 100299. 7186. 1.3760 0.1994 2.4469 0.2268 0.2744
7. 149371. 3797. -1.1154 0.1930 2.5071 0.1354 0.2562
G. 150972. 5310. -0.2955 0.2232 3.1931 0.1724 0.3046
9. 180214. 1357. -2. 3503 0. 1281 1.4539 0. 1538 0.2325
10. 180951. 2281. -1.9358 0,1396 1.9012 0.1346 0.2519
11. 180638. 3117. -1.5603 0.1264 2.8400 0.1565 0.3032
12. 180861. 7106. 0.2975 0.2293 5.0686 0.3045 0.4858
13. 300052. 1351. -5.7762 0-3393 2.5121 0.5331 0.5609
14. 299127. 2230. -5.78A2 0.4147 3.6111 0.4162 0.6060
15. 299147. 3158. -5.7611 0.4164 5.8061 0.3439 0.7272
16. 300914. 3810. -5.2660 0.2710 6.0631 0.3740 0.7255
17. 299560. 5310. -3.8651 0.4200 7.7374 0.3966 0.7752
18. 299561. 7186. -0.0616 0.6023 10.3340 0.4895 0.9281
19. 418111. 1370. -11.5544 0. 5890 ;.1.6755 0.6300 1.0114
20. 414787. 2290. -12. 1084 0.6446 5.6781 0.6777 1.1125
21. 412835. 3109. -10.9231 O. 8073 7.6769 0.5912 1.0905
22. 422988. 3797. -10.7925 0.7040 10.3884 0.688 1.2091
23. 415917. 5310. -8.7013 0.7811 12.5874 0.6602 1.2635
C.1. Test data: Force coefficients (average and standard deviations) and
average force magnitude for the smooth stator; Cr =	 .3937 mm.
n
It
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J
terra
24.	 415388.	 7186.	 —7.2017	 0.7691	 14.2627	 0.7172 1.3253
C.I. Test data: Force coefficients (average and standard deviations)
and average force magnitude for the smooth stator; C r
 = .3937 mm.
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i	 ZZ
ROCKETDVNE STATOR / SMOOTH ROTOR C = 0.3937 mm
SEAL TEST HEADER DATA
DR. D. CHILDS	 'TEXAS ALPI	 SFP. 83
Case	 Ra	 Cprl	 Fr/A	 dev.	 t=o/A	 d(•v.	 lFl
(Cyc/min)	 (MN/M)	 (MN/M)	 (PIN/M)	 (MN/M)	 (KN)
1. 70463.	 1415.	 -0.5820	 0.0656	 0.6866	 0.0645 0.0035
2. 70111.	 2353.	 -0. 3413	 0.0651	 1.2121	 0. 1006 0. 1166
3. 70090.	 3183.	 -0. 1945	 0.0597	 1.8175	 0.0795 0. 1674
4. 69845.	 3810.	 0.1507	 0,2321	 1.5931	 0.2101	 0.1473
5. 70165.	 5333.	 1. 1176	 0.1644	 2.3499	 0.1519 0.2466
6. 69821.	 7186.	 3. 1332	 0.2603	 3.1594	 0.2306 O.4253
7. 10030.	 1389.	 -1.2155	 0.3630	 0.9173	 0.2346 0.1422
8. 100160.	 2317.	 -1. 0595	 0.3276	 1.7110	 0.2811 0. 1866
9. 99869.	 3175.	 -0.6638	 0.3032	 2.3271	 0.3753 0.2282
10. 9E995.	 3810.	 -0.5267	 0.1212	 2.3704	 0.0969 0.2257
11. 100670.	 5310.	 0.7350	 0.1306	 3.4219	 0.1214 0.3275
12. 100163.	 7186.	 2.5367	 0.3136	 4.3695	 0.2433 0. 4759
13. 119946.	 1402.	 -1. 8672	 0-0931	 1.2160	 0.0940 0.2025
14. 119027.	 2344.	 -1.4213	 0. 2788	 2.0364	 0.1955 0.2264
15. 120106.	 3191.	 -1.2907	 0-1350	 3.0291	 0.1362 0.3049
16. 119779.	 3797.	 -0.9977	 0.2026	 3.1932	 0.1941 0.3070	 1
17. 120062.	 5310.
	 0.2463	 0.2801	 4.3109	 0.2948 0.4001
18. 120025.	 7186.
	
1.9347	 0.2642	 5.5228	 0.3213 0.5474
19. 16B672.	 1376.	 -3.3807	 0.1404	 1.6151	 0.1614	 0.3347
	 r
20. 170167.	 2290.	 -2.9901	 0.1580	 2.7365	 0.1526 0.3628
r
21. 170964.	 3125.	 -2.3074	 0.1593	 3.7740	 0.2060 0.3960
22. 171037.
	 3810.	
-1.9979	 0.1733	 4.412B	 0.1732 0.4463	 r
23. 170 .148.	 4019.	
-0.9323	 0.2965
	 5.8252	 0.2154 0.5401
24. 169965.
	 7186.
	 0.9331	 0.3838
	 8.0276	 0.3303 0.7385
C.2. Test data: Force coefficients (average and standard deviations) and
average force magnitude for the Rocketdyne-knurled stator;
C r - . 3937 nun,
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25. 349280. 1351. -3.13563 0.4343 3.2233 0.7160 0.7956
26. 348162. 2290. -9.5218 0.5223 5.3797 0.5364 0.9088
27. 351452. 3125. -7.821 0.3645 6.5922 0. 4081 0.8606
28. 341701. 3797. -&9156 0.4196 8.0296 0.4359 0.9323
29. 338264. 5310. -5,7545 0.4766 11.5694 0.4904 1.0666
30. 347042. 71B6. -2.1525 0.7269 14.0202 0.8005 1.2504
C.2. Test data: Force coefficients (average and standard deviations) and
average force magnitude for the Rocketdyne-knurled stator
C = .3937 mm.
r
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SMOOTH STATOR / SMOOTH ROTOR C - 0.5271 mm
SEAL TEST HEADER DATA
DR.	 D.	 CHILDS	 TEXAS ASM SEP. 83
Case	 Ra CPM Fr/A dev. Fo/A derv. fF1
(Ctjc/min) (PIN/M) (MN/M) (MN/M) (MN /PU (KN)
1. 69823. 1111. -0.239n, 0.0382 0.2361 0.0341 0.0431
2. 70034. 1852. -0.1724 0.0199 0.4539 0.0363 0.0619
3. 7004L. 2771. 0-0422 0.0369 0.5947 0.0452 0.0768
4. 69956. 3681. 0.1607 0.0396 0.3111 0.0542 0.0451
5. 69832. 5310. 1.0270 0.0600 1.0110 0.0592 C. 1078
6. 69470. 7186. 2.3604 0.1716 0.0917 0.1567 0.3344
7. 119896. 1083. -0. 3031 0. 1004 0. 3201 0. 1263 0.0632
B. 120532. 1807. -0.3192 0.0757 0.4187 0.1149 0.0658
9. 120259. 2715. -0.0040 0.1199 0.7737 0.1541 0.0976
10. 120282 3625. 0.0592 0.0770 0.7285 0.0687 0.0898
11. 119829. 5357. 0.6756 0.1339 0.9291 0.1324 0.1463
12. 119710. 7186. J.3925 0. 1922 1.2926 0.1738 0.2475
13. 170852. 1064. -0.6714 0.0978 0.407B 0.1259 0.0981
14. 170941. 1744 -0.7067 0.0574 0.8049 0.0677 0.1309
15. 169668. 2620. -0.4082 0.0998 0.9427 0.0809 0.12e4
i
16. 171628. 3488. -0.3011 0.1002 0.9881 0.0817 0.1296
17. 169945. 5333. 0.5232 0,1161 1.5273 0.1100 0.21036
18. 170265. 7186. 1 -003 0. 195B 2.0193 0. 1705 0.3040
19. 270273. 1075. -1.4779 0.1922 0.9166 0.2E393 0.2131
20. 269996. 1700. -1.6199 0.1323 1.4804 0.1286 0.2659
21. 270003. 2685. -1.3920 0.1404 1.8098 0.1255 0.2780
I
22. 270657. 3593. -0.9201 0.1484 2.2942 0.1335 0.2975
23. 271615. 5333. -0 0G04 0. 1368 3.2331 0.1582 0.4004
24. 270589. 7186. 1.4167 0. 1853 4.0443 0.2055 0.5398
C.3. Test data: Force coefficients (average and standard deviations)
and average force magnitude for	 the smooth stator; C r	.5271 mm.
1	
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25. 384629. 1079. -2.7403 0.2462 1.1100 0.5E]39 0.3614
26. 384986. 1791. -3.1715 0.2211 2,1335 0.2547 0.4516
27. 385082. 2679. -0.9232 0.1722 3.0108 0.23,10 0.4995
28. 385101. 3561. -2.6485 0.3023 3.8099 0.3346 0.5615
29, 385800. 5310. -1. 4494 0. 1814 4.9745 0.2709 0.6247
30. 385428. 7186. 0.2633 0.3662 6.9100 0.28'/B 0. 8544
31. 503745. 1056. -4.9383 0.3523 1.2585 1. 1003 0.6012
32. 501772. 1780. -5.3124 0.4147 2.9234 0.4796 0.7043
c
33. 500289. 2667. -5.1237 0.2948 3.7113 0.3275 0.7312
34. 491351. 3561. -4.5728 0.3248 5.0890 0.3603 0.8007
35. 496088. 5310. -2.9778 0.3518 6.8597 0.4343 0.8673
36. 481095. 7186. -0.8457 0.5095 9.4162 0.4115 1.1099
37. 502759. 1053, -5.0114 0.6367 1.2089 1.0526 0.6150
38. 500662. 1770. -5.0009 0.3661 2.4911 0.4020 0.6531
39. 503133. 2643. -4.5297 0.3161 3.5337 0. 4658 0.6729
40. 499279. 3550. -4.4824 0.3940 5.0914 0.3797 0.7876
41, 500366. 5310. -2.9917 0.4051 7.1481 0.4663 0.9047
42. 498996. 7186. -2.4083 0.3586 8.2294 0.5249 1.0335
C.3. Test data: Force coefficients (average and standard deviations)
and average force magnitude for the smooth stator; C r
	,5271 mm.
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i ROCKETDYNE STATOR / SMOOTH ROTOR C	 - 0.5271 mm
SEAL TEST HEADER DATA
DR.	 D.	 CHILDS TEXAS A&M	 SEP. 83
Case	 Ra CPM Fr/A dev. Fo/A dev. :Fl
(Cyc/mill) (MN/PI) (MN/M) (MN/M) (MN/PI) (KN)
1. 69823. 1111. -0. 2395 0.0382 0.2361 0. 0341 0. 0431
2. 70034. 1852. -0.1724 0.0199 0.4539 0.0363 0.0619
3. 70046. 2771. 0.01122 0.0369 0.5947 0. 04 52 0 0768
4. 69956. 3681. 0.1607 0.0396 0.3111 0.1542 0.0451
5. 69832. 5310. 1. 0270 0. 0600 1. 0110 0. 0592 O. 1078
6. 69470. 7106. 2.3604 0.1716 0.8917 0.1567 0.3344 f
7. 115592. 1107. -0.7311 0.0896 0.4501 0. 1277 },0.1091 I
B. 115601. 1040. -0 6153 0.1172 0.8831 0.1251 0.1361 i
I
9. 115059. 2752. -0.2042 0.1731 1.1645 0.1245 0.1552
10. 115312. 5333. 0.6568 0.1447 1.5408 0. 1181 0.2180
11. 116790. 71B6. 2.4329 0. 1498 1.7780 0. 1942 0.4093
•	 12. 160632. 1U95. -1.3730 0.0998 0.5339 0.2297 0.1666
j
13. 160365. 1029. -1.1773 0-1153 1.1165 0.0633 0-2024
1	 14. 159B05 2740. -0,8076 0.1195 1.5B66 0.1182 0.2-132
l5. 160001. 3647. -0.9003 0.0653 1.5632 0.0706 0.2348
16. 1599013. 5333. 0.2738 0.1193 2.2919 0.0879 0.2971
17. 160331. 7186. 2 1398 0.1565 3.0330 0,146B 0.4B10
!8. 336108. 1049. -4.9603 0.4263 1. 2325 0.9696 0.6248
19. 335555. 1765. -1.0769 0.1045 2. 2804 0.1983 0.6543
20. 334650. 2643. -A.5')07 0.1414 2.9544 0. 1192 0.6625
21. 336436. 34B8. -3.9149 0.2649 2.6465 0.2514 0.6651
22. 335621. 5310. -.2.5291 0.2613 5.5779 0.2561 0.75c33
23. 335240. 7186. -0.7753 0.3018 8.3946 0.2673 1.0421
r	 24. 350174. 1045. -5.2278 0.3866 1.3552 1.0401 0. 6691
IC.4. Test data: Force coefficients (average and standard deviations) and
average force magnirude for the Rocketdyne- knurled stator;
C	 -	 .5211 mm.
r
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1+9y
I
I
25. 350214.
26. 350986.
27,	 349829.
28. 350373.
29. 351413.
30. 367565.
31. 370031.
32. 368824.
33. 367794.
34. 367890.
35. 367212.
1744. -5.0409 O.1669 2.1450 0.2024 0 6653
2637. -3.0585 0. 1597 3.0642 0.2450 0. 7220
3529. -A.5193 U. 1763 3.8877 0.3332 0.7302
5310. -2.572-7 0,2406 5.0353 0.3390 0.7048
7186. -1.2351 0.2694 9.0472 0.350 1. 11^3
1064. -6.0722 0.3615 1.0398 1.1091 0.7496
1765. -5.8171 0.2272 2.6012 0.2447 0.7648
2655. -6.0132 0 3081 3.5672 0.3143 0.0385
3540. -4. 0014 0. 1800 4,6171 0.2202 0. 0036
5310. -3.0625 0.2945 6.7035 0.3136 0.0063
7186. -0.634 0.3338 8 6858 0.3952 1.0745
A
C.4. Test data: Force coeff4cients (average and standard deviations) and
average force magnitude for the rocketdyne-knurled stator;
C - .5271 mm.
r
-70-
lT^
i
AXIALLY GROOVED STATOR WITH FND SEALS Cw - 0.13511 mm
SEAL TEST HEADER DATA
1
DR.	 D.	 CHILDS	 TEXAS A&M OC'f. 83
1	 Case Ra CPM Fr/A dev. Fo/A dov. IFI
(Gilt/min) ('IN /M) (MN/M1 (MN /M) (PIN/M (PtN)
1.
ttt
69087. 1083. -0.0652 0.0747 0.2107 0.05:7 0.0294
2. 69729. 1807. -0.0U13 0.0720 0.3408 0.0610 0.0437
1
	 3. 70053. 2691. U. ?190 0.0459 0.5153 0.0844 0.0720
4. 70106. 3561. 0.3015 0.0576 0.0885 0.07 1 0 0,0627
5. 69409. 5333. 1 . 2925 0. 1541 0. 9387 U. 1441 U. 2051
6. 70005. 7186. 2.0-112 0. 1428 0.4755 0.1370 G 3008
7. 114895. 1095. -0.1643 0. 1082 0.4032 0.0965 0.0562
B. 114806. 1024. 0.0018 0.0758 0. 7594 0.0964 0,0951
r	 9. 115138. 2691. 0.2430 U. 0801 0. 9077 0. 0744 0. 1305
I10. 115006. 3604. 0.3191 0.1169 0.0892 0 1117 0. 1185
11. 115477. 5333. 1.2995 0, 0870 1. 5569 0.07135 0.2609r
12. 115272. 7186. 2.0402 0. 1023 1. 5103 0, 1135 O. 4199
13. 135289. 1060. -O. 1700 0. 1220 0. 4938 O. G6^.0 0.0676
14. 135554. 1796. 0.01416 O.0749 0.7B90 0.0734 0.0989
15. 135061. 2679. Q. 2609 U. 0470 1. 1760 0.0753 0. 1524
16. 135148. 3604. 0.3011 0.0790 1.3151 0.0907 0.1678
17. 134715. 5333. 1. 4079 0. 1313 1. 0465 0. 1073 0. 2952
1& 138136. 7186. 2.9906 0.1367 1.9848 0.1575 0,4691
19. 160348 1049. -0.1069 0.0983 0.5420 0.0939 0.0737
20. 160409. 1700. -0.3,126 0.0692 1.0600 0.0062 0 1400
21. 160387. 2655. 0. 1 I UO U 0506 1. 2739 0.1013 0. 1621
22. 159505. 3529 0.2011 0.1194 1.5135 0.1025 0.1924
23. 160464. 5333. 1	 . 3`790 0.0937 ?. 2230 0.0724 0.3348
24. 159919. 7106. 3. 1055 0. 1395 2.4067 0,12U4 0.5133
C.S. Test data: Force coefficients ( average and standard deviations) and
average	 force magnitude for the axially- grooved stator;
C r	-	 .5271	 nun.
-^1-
1
^P_ I
r.
25. 334997. 1060. -1.0799 0.2498 0 0457 0 2719 0.1740
26. 334990. 1780. -J.1060 0 0742 2.1209 0.0800 0 2929
27. 33470&. 2479 -0.6017 0.0767 2.6464 0.1006 0 3402
28. 335005. 3540. -0.3002 0.1564 3.7084 0.1505 0 4514
29. 335174. 5333, 1.4125 0. 1649 5.2658 0. 1444 0. 6181
30. 300004. 7186. 3.4754 0.1610 6.4669 0.2395 0. 92 51
31. 350005. 1068. -1.:.090 0,341B 1.0518 0.2210 0.2101
32. 349862. 1786 -1.2694 0.1339 2A730 0. 12,2 5 0 3060
33. 349247. 2667. -0.6044 0.1297 3.2692 0.3244 0.4077
34. 349922. 3502. -0.1092 0.1005 3.7495 0.13"A 0.4506
35. 349818. 5310. 1.2701 0.2063 5.5141 0.2020 0.7026
36. 349680. 7186. 3,1060 0.19E39 7.6915 0.1051 1.0371
37. 385150. 1068. -2.0301 0.3168 1.1072 0 4685 0.2903
38, 385647. 1796. -1.8653 0 1826 2.2402 0 1504 0.3546
39. 385493. 2673. -1.3307 0.1685 3.3161 0.2340 0. 4392
40, 38538. 3SO2. -0.71217 0.2612 4.6181 0.1603 0.5017
41. 384755. 5310. 0.5797 0.2426 6.7398 0.639 0.8299
42. 384523. 7106. 3 39'70 0. 2420 8.6242 0. 1935 1. 1416
43. 42al67. 1071. -.0995 0.4505 1.0350 0.45-1,7 0.2911
44. 437033. 1736. -1.51171 0.1049 2.3334 0.2700 0.3380
45. 427999. 265 -1.2/143 0.3240 3.7053 0. 2437 0.4746
46. 430603. 3 3 29. -0.7,400 0.3465 4.7549 0,1169 0,5965
47. 425006. 5310. 1.1066 0. 2286 7.1480 0.3008 0 PP17
48. 40611. 7186. 3 3747 0.2366 9 2456 0.2100 1 "017
C.5. Test data: Force coefficients (average and atcndard deviations) and
average force magnitude for the axially-Fruoved statur;
C r - . 5271 mm.
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1
oil
DIAMOND GRID STATOR Cm = 0 0090 mm
SEAL TEST HEADER DATA
DR.	 D.	 CHILDS	 TEXAS AGM OCT. 83
Case	 Ra CPM f=r/A dev. Fo/A dev :F)
(Cuc/min) (MN/ N) (MN/M) (MN/M) (MN/h) (KN)
1. 70269. 1007. -0.0700 0.118h 0,1509 0,0932 0 0260
2, 70522. 1706. O. 0460 0. 0814 0.3423 0. 01341 0, 0447
3. 69958. 2673. 0.1693 0+1229 0.4508 0.1605 0 0643
4. 70567. 3529. 0.0601 0.1188 0.4024 0. 1013 0.0536
7. 115392. 1064. -0.1979 0. 0816 0.3356 0. W-11 0 0500
S. 114981. 1760. -0.0970 0.0871 0.5165 0.0575 0.0670
9. 114309. 266/. 0,0706 0.0463 0.7165 0.0015 0.0911
10, 115239. 3540. 0. 0120 0. 1095 0. 9018 0. 1238 0, 1180
11. 1154 1 3. 5333. 0. 7040 0.0763 1.1012 0. OOU5 0 1731
12. 115107. 7106. 1.790.1 0.2503 1.0037 0.1905 0.2694
13. 159903. 1045. -0 3967 0.1430 0.4154 0.1599 0 0756
14. 160021. 1765. -0 2066 0. 1059 0,0711 0.07t)5 0.1153
15. 159704. 2643. -0. 21 229 0. 1702 1.2697 0. 2142 0. 1653
16. 159925. 3540. -0.0907 0-1170 1.3874 0.1317 0.1730
17. 159456. 5310. 0 0027 0 1063 1.6267 0.0073 0.2393
10.
1
160003. 7106 2.0102 0 2089 1.6690 0.1303 0.3394
19. 33571. 1064. -1. 4022 0. 1680 0.9621 0. 3039 0. 2216
20. 335593. 1739. -J.,1436 U. 1440 1.0155 0. 1503 0.2046
21. 335547. 2620. -1. 3300 0.0771 2.4416 0. 1016 0.:1441
22. 335436. 3458. -1.	 1291 0, 1845 3. 3:68 0. 2242 0. 4307
23, 335095. 5310. -O. 09 1 9 0.2627 4 0907 0. 2153 0, 6063
24. ?35547. 7106. 1. 5237 0.2614 5.6506 0.2674 0.7387
25. 349557. 1068, -1. 6031 O 2575 0.9574 0. 5461 0.2470
C.6. Test	 data: Force coefficients (average and standard deviations) and
.iverage	 force magnitude lur the diamond-grid roughened
St.jLur;	 C	 . .5211
	 pull.
r
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126. 351361. 1786. -1. 5493 0. 1690 2. 3387 0. 1005 0.3444
27. 349769. 2643. -1. 4050 0. 1230 2.9625 0.0909 0.4123
28. 349793. 3519. -1. 4175 Cs, 1024 3. 638 0. 1601 0. 4063
29. 350527. 5310. -0. 12060 0.2199 5.0063 0.17/-') O.6217
30 348392. 7186. 2.1179 0.2975 5.5752 0.3694 0.7587
31. 38254'. 1053. -1.9034 0.2709 0.9390 0,5207 0 3755
32. 384953. 1754. -1.9701 0.1816 2.4619 0	 31115 0.3054
33. 386286. 2632. -2.0234 0.1364 3 3541 0 31 JO 0.4033
34. 381026. 3519. -1. 5986 0.3427 3.8194 0. 33 , 11 0.51B6
35. 385294. 5386. 0.03E32 0.2603 5.608' 0.2655 0.6980
36. 382705. 7186. 1. (3507 0.2722 6.2-719 0.3277 0.0163
Z
a
C.6. Test	 data: Force	 coefficients (average and standard deviations) and
average force magnittde for the dlumond -grid roughet,ed 1
stator;	 C r .5271	 nan. 1
1
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tDIAMOND GRID STATOR WITH END SEALS	 Cm = 0.8164 mm
SEAL TEST HEADER DATAI DR.	 D.	 CHILDS	 TEXAS A&M NOV. 83
Case	 Ra CPM I- r/A dev. Fo/4 dvv. :F:
(Cyc/inin) (PIN/N) (PIN/M) (NN /M) (NN /M) (KN)
1. 70006. 1095. -0.0977 0. 0727 0 2112 0. 07(::3 0, 0310
2. 70004. 1802. 0.0667 0.0781 0. 4155 0.0376 0.0538
3. 70092. 2697. O. 1085 0.0300 0.4720 0, 0611 0.0617
r
4. 70028. 3582. 0. 1 177 0. 147'7 0. 6491 0. 15% 1 0. 0066
5. 69906. 5310. 0.6566 0.0749 0.8753 0. 0620 0.157Y
6. 70014. 7229. !. 4095 0. 2512 0. 5331 0. 2712 0 2137
7. 11591. 1075. -0.2167 0.2039 0.4641 0.1226 0.0689
8. 115305. 1791. 0. 1675 0. 1012 0. 7296 0. 0817 0. 0948
9. 114956. 2691 0. 21 1 B 0. 1658 1. 2736 0. 2137 0. 1669
10. 11549B. 3604. 0.1793 0. 1003 1.2010 0.00112 0.1497
11. 115384. 5333. 0. 8527 O. 3818 1. 5465 0. 3954 O. 2310
(	 12. 114385. 7186. 1.658A 0.2256 1.6649 0.3372 0.3090
13. 159172. 1060. -0. 4374 0. 1355 0. 5855 0. 0091 0. 0931
14. 160206. 1700. -0.4,156 O. 1184 1.0633 0.1000 0.1450
15. 159976. 2679. 0. 0439 0.1030 1.3595 0.0510 0.1731
16. 159452. 3540. 0. 2313 0. 0780 1.6308 0. 0931 0.2053
17. 159058. 5333. O. 8550 O. 1385 2.2625 0. 1331 0.3103
18. 159500. 7186, J.9449 0.2128 2.1949 0.2009 0.3932
19. 325077. 1053. -1.7079 0.2492 0.8620 0.3917 0.2412
20. 33C. J5. .	 9. -1. 9614 0. 1727 22. 1456 0. 2244 0. 3567
21. 330605. 2,,32. -1. 2956 0. 1319 2. 8940 0. 1333 0. 3939
22, 329749. 3499.
-0. 9677 0. 2551 3. 9808 0.247 0. 4933
23. 330503. 5310. 0. 7397 0.2889 5.3616 0.3086 0.676F1
i	 24. 330490. 7106. 3.3`739 0. 3366 7.0000 0. 2616 0. 9084
C.7. Test data: Force coefficients (average and standard deviations) and
average force magnitude for the diamond-grid rougher ^d	 stator
with end seals;
	 C
r
	.5271	 mm.
i
i
,	 I
I
I
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25. 3B0534. 1056. -2.3241 0.3549 1.0433 0.6482 0.3210
26. 332526. 1744. -2.0791 0.3347 2.3181 0.2305 0.3003
27. 381068. 2609. -2.1704 0.2229 3.3490 0.3476 0.4940
28. 380551. 3468. -1.4770 0.1805 4.5471 0.2346 0.5752
29. 335017. 5310. 0. 1742 0.3813 5.8827 0.2954 0.7254
30. 375819. 7186. 3. 51 52 0 3177 8.2254 0. 362 6 1.1043
C.7. Test data: Force coefficients (average and standard deviations) and
average force magnitude for the diemoad-grid roughened stator
with end seals; C r - .5271 mm.
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ROUGH STATOR	 :	 HOLE PATTLRN 1 C = 0.:.080 mm
SEAL TEST HEADER DA'rA
DR.	 D.	 CHILDS	 IExi.S A&PI	 UI_C. e3
Case	 Ra CPM Fr /A dev. I--u/A
(Cyc/min) (PIN/N) MN/M) (PIN/M) (MN/PI) (KN)
1. 90081. 1060. -(1.3125 0.1142 0.4400 0. 10710 0.0726
2. 87269. 1765. -0.2B:i0 0.0537 0.8891 0.0704 0.1168
3. 90287. 2626. -0.0707 0.0532 1.0700 O.OG66 0.1347
4. 90691. 3519. 0.1101 0.0627 1.5963 0.0406 0.1996
5. 89609, 5333. 0.7439 0.1432 2.1693 0.1051 C.2931
6. 88551. 7186. 3.9900 0.4122 1.6380 0.3673 C.3429
7. 129806, 1049. -0.7626 0.1720 0.7203 0.1723 0.1336
8. 130709. 1754. -0.711,1 0,1065 1.1830 0.0763 0.1733
9. 130627. 2603. -0.5059 0.0794 1.6455 0.1267 0.2157
10, 130816. 3478. -0. 0197 0. 0717 2. 2152 0.	 11 1/1 0. 2765
11. 129497. 53:1;3. 0.3767 0.1869 3.0220 0.1295 0.3900
12. 130819. 7186. J.7450 0.2691 3.1921 0.3392 0.4750
13. 160279. 1060. -1,1006 0.1962 0.9126 0.2619 0.1090
14. 160689. 1744. -1,1526 0.1690 1.4742 0.1370 0.2329
15. 159279. 2632. -0.7366 0.0969 2.1330 0.0932 0.2029
16. 159801. 3529. -0.5044 0.1530 2.9671 0.1600 0.307-2
17. 159903, 5310. 0.4026 0.1665 3.9076 0.1545 0.4760 i
18. 158409. 7186. 1.7762 0.2725 4. 1801 0.3156 0.5077 I
19. 33538. 1034. -t;, 1036 0. 4935 1. 7302 1. 0361 O. 6649 i
20. 334707. 1744. -I!. (3976 0. 3017 3. 2a53 0. 1996 0. 7002
i
21. 336938. 2597. -4 5033 0.2621 4.9820 0.11974 0.0012 7 1
22. :31562. 31160. -3. 0063 0. 2146 6. 0478 0. 1967 0. 0557
23. 325604. 5286. -1.9259 0.3734 8.7130 0.376 1.0697
24. 706583. 7106. 0. 1359 O. 3688 11. 572'1 0. 4461 1.3705 i
C.8, Test	 data: Force coefficients (average and standard deviations) and 1
average force magnitude for the round-hole-pattern stator;
C	 =	 .5271	 min.
r
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